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I. Problem Statement 

' I n future exploration of the moon, mechanical systems will be subjected to harsh 
conditions not normally seen on Earth. There will be drastic temperature changes, 
no atmosphere, and no nearby base for support. The mechanical systems in space 
need to be self-supporting, durable, and able to adapt to and utilize their 
environment. Lubrication of bearings is the aspect that will be addressed in this 
paper. The drastic temperature changes will render normal bearing grease 
inefficient and impractical. There will also be a high probability of contamination 
due to the sandy surfaces. The challenge is to develop a lubricant which can 
withstand the severe conditions and still function efficiently. 

II. Constraints and Performance Objectives 

• Gravity on the moon is 1/6 that of Earth 

• Moon has no atmosphere, so nothing can be burned for heat or power 

• Lubricant cannot contaminate the lunar environment 

• Lubricant must be able to withstand large temperature gradient 

• Lubricant should utilize lunar resources 

• Production of lubricant should be lunar based 

• Performance of lunar lubricant must be comparable to lubricants on Earth 
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III. Solution Summary 


The harsh lunar environment eliminated the consideration of most lubricants used 
on Earth. Considering that the majority of the surface of the moon consists of sand, 
the elements that make up this mixture were analyzed. According to previous space 
missions, a large portion of the moon's surface is made up of fine grained crystalline 
rock, about 0.02 to 0.05 mm in size. These fine grained particles can be divide into 
four groups: lunar rock fragments, glasses, agglutinates (rock particles, crystals or 
glasses), and fragments of meteorite material (rare). Analysis of the soil obtained 
from the missions has given chemical compositions of its materials. It is about 53 to 
63 percent oxygen, 16 to 22 percent silicon, 10 to 16 percent sulfur, 5 to 9 percent 
aluminum, and has lesser amounts of magnesium, carbon, and sodium. 

To be self-supporting, the lubricant must utilize one or more of the above elements. 
Considering that the element must be easy to extract and readily manipulated, 
silicon or glass was the most logical choice. Being a ceramic, glass has a high 
strength and excellent resistance to temperature. The glass would also not 
contaminate the environment as it comes directly from it. If sand entered a bearing 
lubricated with grease, the lubricant would eventually fail and the shaft would bind, 
causing damage to the system. In a bearing lubricated with a solid glass lubricant, 
sand would be ground up and have little effect on the system. 

The next issue was what shape to form the glass in. Solid glass spheres was the only 
logical choice. The strength of the glass and its endurance would be optimal in this 
form. To behave as an effective lubricant, the diameter of the spheres would have 
to be very small, on the order of hundreds of microns or less. This would allow 
smaller clearances between the bearing and the shaft, and less material would be 
needed. 

The production of glass microspheres was divided into two parts, production and 
sorting. Production includes the manufacturing of the microspheres, while sorting 
entails deciphering the good microspheres from the bad ones. Each process is 
discussed in detail in the succeeding sections. 
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IV. Microsphere Production Methods 

There are two methods currently being used to produce microspheres. The more 
popular is the injection of particles into a flame/blower. The glass-forming 
materials must first be decided upon, as the properties of the produced glass are 
dependent upon the materials of which it is made. These materials are then melted 
together to produce a homogeneous glass mixture. Once the mixture has cooled, it 
is crushed into particles. Because the size of the particles determines the size of the 
produced microspheres, it is critical that only particles of the correct size are used. 

To insure this, the particles are sifted and those of the correct size are collected. The 
next step is to melt the particles by injecting them into a gas-oxygen flame. Figure 1 
below, displays the flame sprayer used in the process. 



Figure 1 

It is possible to inject particles into the flame from any position, but they are usually 
injected from the center. This is because the center of the flame is the hottest part. 
The temperature of the flame should be much greater than the melting temperature 
of the particles so that they are heated uniformly in the small amount of time that 
they are in the flame. (Non-uniform heating is the main problem with this method 
of microsphere production.) The particles are blown into and through the flame by 
an inert gas. They are then collected in barrels as shown in Figure 2 below. 
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Figure 2 

The baffle in the second barrel is used to reduce air flow in the barrel. The larger 
beads collect in the first barrel due to their higher drag coefficient, while the smaller 
beads travel into the second barrel. After the barrel has had a chance to cool, the 
glass beads can be collected by separating the two barrels. 

The rate at which the particles are fed into the flame is an important criteria. Each 
melted particle will produce a perfect sphere due to the surface tension of the liquid 
glass. Gravity is not a factor due to the extremely small size of the spheres. Errors 
result only if the particles are fed into the flame too quickly. If this is the case, they 
will bump into each other while still in a non-solid state. This results in the 
production of either non-spherical shapes or spheres with a larger than desired 
volume. Therefore, the particle feed rate must be slow enough to insure that this 
does not happen. Due to their small volume, the spheres freeze within 
milliseconds of leaving the flame. The solid spheres continue to be carried by the 
flow of the inert gas into a collection chamber. No deformations result due to 
collision with the chambers walls because the spheres have reached a state of perfect 
elasticity by this time. The spheres should be then screened to weed out any that are 
not of the desired shape and size. The production of microspheres using this 
method was videotaped at the University of Missouri - Rolla in the School of Mines 
and Metallurgy. Actual electron microscope photographs of the glass microspheres 
produced at the University are included in the Appendix. The second picture is of 
the glass particles before they are fed into the flame. In this state, the particles are 
called the "frit". 
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The second method is the liquid-droplet method. This method requires the glass- 
forming compounds to first be mixed and in liquid form. This glass solution is then 
pumped through a jet that forms a mist. The jet is located at the top of a drop tower. 
As the droplets fall from the tower, they freeze. Once the spheres reach the bottom 
of the tower, they are collected and screened to insure the proper size and shape was 
produced. Once again, it is the surface tension of the liquid which causes the shape 
to be spherical. This method is not as efficient as the above method due to the 
higher probability of error-forming collisions. Furthermore, the size of the 
produceable spheres is limited by the tower height; as the microsphere volume 
increases the required cooling time, and hence the tower height, also increases. It is 
also necessary to heat the equipment (jet, tubing, pump) so that the solution does 
not freeze before it is ejected into the atmosphere. This method is generally used to 
produce hollow microspheres. When this is the case, water is added to the solution 
before it reaches the jet. At the elevated temperature, water vapor is trapped within 
the drops as a gel membrane forms on the vapor surface. The water acts as a 
blowing agent, forming a hollow center in the spheres. Hollow microspheres, 
however, are not desired for use in a lubrication process because they are not as 
strong as solid microspheres. Actual electron microscope photographs of 
microspheres produced by this method were obtained from Materials Engineering 
Department at Georgia Tech. This picture is located in the Appendix, and displays 
200 micron soda-lime glass microspheres. 

The particle injection method yields stronger microspheres than does the liquid- 
droplet method. There is also less chance of producing microspheres with poor 
spherical tolerance. As the photographs in the Appendix show, the spheres 
produced with the particle injection method are more uniform and spherical than 
those produced by the liquid-droplet method. The particle injection method is a 
more flexible process, allowing the production of many different microsphere sizes. 
For these reasons the particle injection method was chosen as the desired method 
for lunar microsphere production. 
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V. Microsphere Quality Assurance Process 

The process by which acceptable microspheres are separated from the spheres that 
are not within the appropriate tolerances is the focus of this section. Spheres could 
be too large, too small, or not of the correct eccentricity to be useful as lubricants for 
certain processes. With this in mind a micron scale sorting apparatus in order to 
obtain a variety of bead sizes was designed. 

After investigating various sorting methods for ball bearings, the macroscopic 
counterpart to the microscopic lubrication, a system for the tolerancing of a large 
number of spheres in a short period of time was devised. The concept of being able 
to separate the spheres into various classes by size and accuracy was established. 
Since differing needs may be served by a variety of sizes of microspheres, a system 
that is capable of differentiating between an indeterminate number of sizes of beads 
seemed necessary. In this manner a homogeneous grouping of microspheres, all of 
whom deviate from the desired size by less than a known amount, could be 
obtained. 

Several methods for this separation were devised and studied. Six different 
mechanisms of separation were designed and are listed in the Research Appendix. 
These designs were then weighted and judged on a variety of weighted design 
criteria. These criteria included: mass of apparatus, volume flowrate of 
microspheres, and system accuracy. This ranking process may also be found in the 
Research Appendix. The highest scoring design was the design which implemented 
concentric cylinders. This design utilized high amplitude (on the order of the 
diameter of the largest cylinder) vibration at a reasonably high frequency 
(approximately 1500 cycles per second) in order to force the microspheres through a 
series of holes bored through the cylinders. Much in the manner of a sieve, the 
microspheres would pass through the series of sieves until they are collected and all 
microspheres of a certain size are removed as a group. 

This design allowed for easy operation in free fall, microgravity, or Earth standard 
gravity. Since the system is closed, there should be no losses, and accuracy is linearly 
dependent upon the length to diameter ratio of the cylinders. The design also does 
not require an atmosphere, although it is operational in one. The relatively low 
mass and simplicity of the system combined with the possibility of a high volume 
flowrate made it the ideal choice for microsphere separation. 

For a demonstration of the separation procedure, acrylic tubing was used. This 
material made up the concentric cylinders. For ease of construction, three cylinders 
were fabricated, although many cylinders may be added to allow for varying 
accuracy. Holes were drilled only on the lower half of the tubing to allow for better 
viewing of the demonstration model in action, and for the fact that local gravity 
was far too large to make full amplitude oscillations feasible. 
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The design was implemented by the use of an orbital sander attached to three acrylic 
concentric cylinders, as can be seen in Figure 3. The two inner cylinders were drilled 
with holes of a diameter equal to half the difference of the desired size of 
microspheres. After assembling the apparatus, the design was tested whereupon 2.5 
degrees was determined to be the optimal down angle of the tubing. The separation 
process was highly accurate considering the exceedingly foreshortened length of the 
tubing. 
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VI. Glass Microsphere Applications 

An extensive amount of research is currently being done on glass microspheres. 
Much of this research deals with medical applications, such as treatment for liver 
cancer and arthritis. The example in this lab uses glass microspheres as a lubricant 
for a journal bearing. This is the kind of usage the lubricant will see in lunar 
exploration. 

The purpose of this application was to show the effectiveness of glass microspheres 
as a lubricant, and to compare the glass microsphere lubricant to traditional lithium 
grease lubricant and a petroleum based lubricant. The setup is shown in Figure 4 
below. A 1/20 hp motor drives a one inch, case hardened, steel shaft. A pillow 
block is utilized to stabilize the shaft. A journal bearing, fabricated in the ME 
Machine Shop, serves as the test site for the lubricants (see Figure 5). Two different 
journal bearings were fabricated due to the variance in the size of the microspheres. 
Since some variation in the diameter of the microspheres may be present the 
clearance of the journal bearing was set at two times the average diameter of the 
microspheres. The top of the journal bearing has a 3/16" hole through which the 
lubricant can be fed to the system. A one inch diameter weight was welded to the 
bottom of the journal bearing. When the motor is activated, the angular 
displacement of this weight will be used in calculations described below to 
determine the friction of the lubricant and the torque of the motor. 


Application Setup 


support 


pillow block 


set collars 



funnel 



Top View 


Figure 4 
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Two microsphere 
diameters scaled up 
to show optimum 
clearance. 


Journal Bearing 
Figure 5 

The testing was done using the same setup through two iterations to justify the 
data. Bearing #1 had a gap clearance of 0.012 in. Converting this to metric yields 
approximately 305 pm. Dividing this number by four microspheres allows for about 
80pm diameters. Bearing #2 was designed to fit the 45pm spheres. Unfortunately 
the tolerances of this bearing were not as close to those in the first. The gap 
clearance would allow approximately three microspheres of this diameter side by 
side. 


The free body diagram in Figure 6 shows the angular displacement experienced by 
the weight during motor operation. 


li 





Results from the angular displacement testing are given below. These angles will be 
used to determine the frictional coefficients. 


Bearing # 

pirof 

Petroleum 

Based 


Microspheres 

1 

30° 

11° 

15° 

8° 

80pm Soda- 
Lime 

2 

30° 

10° 

O 

O 

19° 

45|im YAS-4 


Data obtained shows that using the first bearing, the angular displacement using the 
80|im spheres was actually lower than either of the two other lubricants as we 
anticipated. On the other hand, the second experiment did not give the same 
results. The 45|jm spheres only showed a lubricity about the same as the lithium 
grease. 

There are two possible conclusions to these findings. One regards the hardness of 
the microspheres tested verses the hardness of the surrounding bearing and shaft. 
The soda-lime glass is a much softer material than the alumina-silica (YAS-4) and 
was much closer to the hardness of the steel. Because of this there was very little 
wear or friction between the bodies and excellent data was recorded. But, in the 
second application using the alumina-silica microspheres, very noticeable wear was 
present on both the shaft and the bearing after only about twenty seconds of 
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running. This was either a result of the difference in hardness of the materials or in 
the slightly inaccurate tolerances in the gap clearance of the second bearing. 

Due to the nonlinearity of the pressure distribution across the surface of the shaft as 
it rotates, it is not feasible to attempt to make an accurate assessment of the 
coefficient of friction of the bearing being studied. However, since the differing 
effectiveness of the various types of lubrication studied effect the coefficient of 
friction of the bearing as a sine function, the relative effectiveness of the types of 
lubrication can be stated with accuracy. This can be done by assuming that the 
displacement of the weight varies linearly with the coefficient of friction. A 
statement of the coefficient friction for lithium grease was found in The Handbook 
of Tribology , Materials, Coatings and Surface Treatment to be 0.03. By associating 
this coefficient with an angular displacement of 20 degrees, the coefficient of friction 
for any other lubricant can be calculated, based on the angle of displacement. The 
following table. Figure 7, summarizes the results. 


e 


5° 

0.008 | 

6° 

0.009 

7° « 9 0 

0.01 

10° - 16° 

0.02 

17° - 23° 

0.03 

24° - 30° 

0.04 


Friction Based on Angular Displacement 
Figure 7 

For example, based on these calculations, the coeffident of friction for the 80 pm 
glass microspheres, displaced at an angle of 8°, is 0.01. 

Ideally, for a bearing application the race and microspheres should have the same 
hardness so neither wears on the other. After case hardening the shafts and bearing, 
it was estimated that they had a hardness of 5 on Moh’s scale. The glass 
microspheres tested had a hardness ranging from 5.8 to 6.1 as read on Moh's scale. 
Moh's scale with the hardness of the materials used in the application experiment 
can be seen in the Appendix. In future applications, a doser tolerance on the 
hardness variation should be achieved. Since any substance can be formed into a 
glass, the properties of the microspheres are very flexible and can be chosen to meet 
the requirements of different applications. 
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VII. Theoretical Performance of Glass Microspheres 

To calculate the contact stresses between the microspheres and between the bearing 
and microspheres the following formula for Hertzian stresses was analyzed: 



where: F = force 

dl,d2 = diameter of two spheres 

a = area of contact 

El, E2 = Modulus of Elasticity 

U1/U2 = Poisson's ratio 

The theoretical stresses were found with the following equation: 


-3F 


a = <7 = 
x y 2nd? 


\ 


i z _i 1 
1 — tan — 
a 


V 


z 

ay 


(i+/0- 


{'4 


where: p = coefficient of friction between surfaces 

z = distance from point of contact 

The compressive strength of commercial glass spheres ranges from 2.3 GPa to 2.8 
GPa. The coefficient of friction between glass is estimated at 0.4. The Poisson's ratio 
for commercial glass ranges from 0.17 to 0.275 depending upon the composition. 

The spreadsheet on the following page. Figure 8, shows the theoretical expected 
stresses and safety factors for different glasses and bearing materials for the 
application described above. Depending on the application, the correct combination 
could be determined using these results. It is important to note that the 
compressive strengths of both the silica glass and the borosilicate exceed the 
calculated experimental stresses. This yields safety factors between 88 and 140, far 
surpassing normal standards. 
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VIII. Conclusions and Recommendations 

Through research and design, it has been proven that glass microspheres are a 
viable option as an alternative lubricant for bearings. With its resilience to 
temperature and high strength, glass microspheres would be ideal for lunar use. 

The effectiveness of the spheres was proven in the results of the application. 

With current technology, the glass microspheres can be manufactured to the 
specifications required for lubrication. That fact, combined with the numerous 
existing sorting methods, including the concentric tube sorter described within this 
report, proves the ease of selecting the appropriate size spheres for particular 
applications. Based on initial results with the application, glass microspheres are 
comparable in performance to typical lubricants. The coefficient of friction for the 
glass microspheres, depending on size and composition, ranged from 0.01 to 0.03. 

The coefficient of friction for the grease tested was 0.03, while the coefficient of 
friction for the petroleum based lubricant was 0.02. 

Future recommendations for the production of glass microspheres are to refine the 
solid particle feeding method so that the feed rate can be more carefully controlled. 
This would produce a greater number of defect free microspheres. Methods of 
collecting the glass from the moon's surface should also be investigated. There is a 
large amount of "free" glass particles on the moon's surface that would not have to 
be extracted from other elements. This would make the collection process relatively 
easy. Addressing the separation and quality control of the glass microspheres, future 
work should concern the length of the concentric tubes, the angle on their incline, 
and the severity of the vibration. The microspheres will behave differently in one- 
sixth the gravity that this process was developed in. 

After the conduction of the testing, several ways to improve the performance of the 
glass microspheres became apparent. First of all, an increase in the number of feed 
and release holes should be added to the bearing. In the event that one of the 
microspheres fractures, the bearing should be designed so that the fractured pieces 
fall out. This could be done by adding slots to the bearing. However, with the added 
slots the feed rate will need to be increased. This can be accomplished by increasing 
the number of feed holes in the bearing. Further research and testing should be 
completed in order to optimize the bearing and glass microsphere characteristics. A 
suggestion would be to investigate ceramic or diamond coated bearings. Further 
research into optimal glass composition also should be done. The size of the 
microspheres, hardness of materials, and bearing design should be analyzed. In 
addition, the endurance of the microspheres should be tested. 
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XL Appendices 

A. Alumina-silica based microspheres produced by particle injection method 

B. 45 micron screened frit for particle injection method 

C. 200 micron soda-lime microspheres produced by liquid drop method 

D. Moh's table of hardness with glass microspheres and test fixture 

hardnesses included 
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Appendix A 

Alumina-silica based microspheres produced by particle injection method 
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Appendix B 

45 micron screened frit for particle injection method 
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Appendix C 

200 micron soda-lime microspheres produced by liquid drop method 


Appendix D 

Moh s table of hardness with glass microspheres and test fixture hardnesses 

included 
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Future Space Resources 

Interoffice Memo 


To: Mr. James W. Brazell 


Re: VisiHoUniv. of Missouri-Rolla 
Date: 2/23/94 


We have been in touch with Dr. Day at the Univ. of Missouri-Rolla. He is 
scheduling us to talk to one of his T.A.’s later this evening. He does not see a problem 
with us coming to the university. Cindy and Michelle will be calling the T.A. and trying to 
schedule a time to meet. We are shooting for Mon. Feb. 28 and Tue. Mar. 1 if it fits his 
schedule. I have a list of goals to obtain and questions to ask and would like to review 
them further with you. I also have the release forms necessary for us to go. I will have a 
cost breakdown for you provided we receive the O.K. to go. 


I 


wifOOO 

&00V ca* o\ce 

p-f & . 

*T. 

/«*■ 


I 


« 




Dr. Day - University of Missouri-Rolla 

• Witness and film the production of glass microspheres. 

• 1 Jim, 10 Jim, and 50 Jim microspheres 

• test for changes in friction with different sized microspheres 

• compressive strengths 

• tolerances in sphericity 

• temperature affected? 

• Collect any reports or data on the production of microspheres. 

• Collect any reports or data about applications of microspheres. 

• Purchase microspheres if we can't obtain them for free. 

• Get Dr. Day's business card to send him a copy of our report. 


SENIOR INVESTIGATORS 

GRADUATE CENTER FOR MATERIALS RESEARCH 
UNIVERSITY OF MISSOURI-ROLLA 
Research Interests 


Harlan U. Anderson , Curators’ Professor of Ceramic Engineering. 

Nonstoichiometric oxides; sintering of oxides and metals; electronic ceramics; high purity 
oxides from organo-metallics; chemical corrosion of ceramics. 

Richard A. Behr , Associate Professor of Civil Engineering. 

Structural performance and durability of architectural glazing systems and building envelopes 
under environmental, wind, and earthquake effects. 

Frank D. Blum , Professor of Chemistry. 

Polymer-solvent/polymer-surface interactions; polymer characterization; colloid chemistry; 
microemulsions, liquid crystals, micelles and vesicles; NMR spectroscopy and diffusion. 

Delbert E. Day. , Curators’ Professor of Ceramic Engineering. 

Structure, chemical durability, and mass transport in vitreous solids (glasses); oxynitride 
glasses; ceramic biomaterials; containerless processing of glass in space; composites. 

Lokesh R. Dharani , Professor of Engineering Mechanics and Aerospace Engineering. 

Failure analysis and micromechanics of high temperature and structural composites; 
environmental effects on composites; mechanics of ceramic/metal/ceramic joints. 

Gary J. Ehrhardt . (Adjunct Senior Investigator) Senior Research Scientist, Research Reactor, 
University of Missouri-Columbia. 

Application of radioisotopes to medical, chemical, environmental, and biological problems. 

Wavne Huebner , Associate Professor of Ceramic Engineering. 

Dielectric and piezoelectric properties of normal and relaxor ferroelectrics; defect chemistry 
of high temp., conducting perovskites; synthesis/characterization of ultrasound transducers. 

William J. James, . Professor Emeritus of Chemistry. 

Plasma deposited thin films; electrochemistry and kinetics; single crystal structures; x-ray and 
neutron diffraction; electrical and magnetic properties of solids. 

Kenneth F. Kelton . (Adjunct Senior Investigator) Associate Professor of Physics, Washington 
University, St. Louis, Missouri. 

Nucleation and crystallization of metallic and non-metallic glasses. 

Nicholas C. Morosoff . Professor of Chemical Engineering. 

Thin film technology; surface modification; plasma polymerization; transport properties of 
polymers; chemically reactive transition metal containing plasma polymers. 


RESEARCH INVESTIGATORS 
GRADUATE CENTER FOR MATERIALS RESEARCH 
UNIVERSITY OF MISSOURI-ROLLA 
Research Interests 


Daniel W. Armstrong . Curators’ Professor of Chemistry. 

Separation and resolution of enantiomers by chromatographic and membrane-based processes; 
theory and use of secondary equilibria in field flow fractionation; gradient liquid separation of 
polymers; membrane separation of proteins. 

Jack L. Boone . Professor of Electrical Engineering. 

Physical electronics; solid state devices; wave interactions in plasmas; solar energy conversion; 
growth and characterization of compound semiconductors; modeling and characterization of 
photovoltaic devices; fabrication and characterization of barium titanate thermistors. 

RogerF. Brown , Associate Professor of Life Sciences. 

Therapeutic applications of synthetic biomaterials; cellular effects of non-ionizing radiation; 
mammalian DNA repair replication; cell adhesion factors; metabolism of cells in culture. 

Douglas R. Carroll , Assistant Professor of Basic Engineering. 

Mechanical properties of high temperature composite materials; processing of powder matrix 
composites; sintering of thin polycrystalline films; surface and grain boundary energy of 
polycrystalline materials. 

K. Chandrashekhara . Associate Professor of Mechanical and Aerospace Engineering and 
Engineering Mechanics. 

Finite element analysis of layered anisotropic composite plates and shells; fabrication and 
experimental characterization of composite materials; plasticity; variational methods and 
experimental mechanics. 

HarvestLii Collier . Associate Professor of Chemistry. 

Synthesis and characterization of inorganic and heterocycle-containing polymers; investigation 
of thermal and conductive properties of inorganic and polymer systems; preparation and 
characterization of metallomacrocycles; kinetics and mechanism of macrocycle reactivity. 

Ja\ M. Gregg . Associate Professor of Geology & Geophysics. 

Study of the mineral and rock forms of dolomite; theoretical investigations on the crystallogra- 
phy & solid state chemistry of natural & synthetic dolomites. 

Edward B. Hale , Professor and Chairman of Physics. 

Studies of ion- induced electron emission in metals using UHV high energy accelerator and 
surface characterization instrumentation in MRC. 



Don M. Sparlin . Professor of Physics. 

Electronic and magnetic properties of materials; experimental measurements of transport and 
magnetic properties of metals, semiconductors, and insulators; experienced with computer 
based instrumentation. * 

Michael R. Van De Mark , Associate Professor of Chemistry. 

Polymer synthesis and characterization; polymer/solvent interaction; ionomeric gels; modified 
electrodes via polymer adsorption; corrosion inhibition through ligating polymers; organic 
oxidative electrochemistry. < 

David C. Van Aken , Associate Professor of Metallurgical Engineering. 

Emphasis of the research is directed towards phase transformations. A combination of internal 
friction and analytical electron microscopy techniques are used in these studies. 
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University of Missouri-Rolla 
School of Mines and Metallurgy 



Graduate 

The Graduate Center for Materials 
Research was established in 1964 for the 
purpose of multidisciplinary research on 
materials and to provide enhanced central- 
ized laboratories and specialized equipment 
for faculty and students involved in materials 
research. The center is located in Strau- 
manis Hall, a modern, four-story building 
with more than 30,000 square feet of labora- 
tory and office space. The center has pro- 
vided numerous graduate students with 
advanced training in materials engineering 
and science. The center functions as a cam- 
pus resource for faculty conducting mate- 
rials research, and strong interactions occur 
with the staffs and research programs of 
many departments on campus. In 1985 the 
past achievements and continuing impor- 
tance of the UMR materials engineering and 
science program were acknowledged when 
this program was declared one of only eight 
areas designated for eminence in the Uni- 
versity of Missouri System. 

The center staff is composed of full-time 
faculty members, visiting scholars, postdoc- 
toral fellows, graduate students, and several 
permanent research technicians. The per- 
manent senior staff consists of faculty mem- 
bers from the departments of ceramic, chemi- 
cal and metallurgical engineering; chemistry; 
and physics. Faculty members from other 
disciplines and academic departments at 
UM-Rolla are commonly affiliated with the 
center depending upon the types of research 
being conducted and the professional inter- 
ests of the faculty. The goal is for the per- 
manent staff to represent the widest possible 
spectrum of technical expertise relevant to 
materials research. In all, some 60 persons 
are involved in materials research at the 
center. 

University of Missouri-Rolla 

The University of Missouri-Rolla is one 
of four campuses of the University of Mis- 
souri. UMR was founded in 1870 as the Uni- 
versity of Missouri School of Mines and 
Metallurgy, and, since its founding, it has 
been a leader in the fields of engineering and 
science. Degrees from B.S. to Ph.D. are 
offered in almost all engineering and science 
disciplines. UMR is among the nations top 
10 in the number of undergraduate engineer- 
ing degrees granted annually. 

The campus is located about 100 miles 
southwest of St. Louis. Also located in Rolla 
are many other technical and scientific 
agencies and small high-tech firms. Rolla is 
located in the pleasantly rugged terrain of 
the foothills of the Ozarks. The timbered hill- 
sides and clear flowing streams make an 
agreeable setting and offer many forms of 
outdoor recreation. 


Center for Materials Research 


Research Programs 

The research conducted in the center 
ranges from fundamental science to applied 
engineering. Most all types of materials are 
studied, especially ceramics, metals, poly- 
mers, and composites. Research programs 
listed according to types of materials are: 

Biomaterials 

• glass microspheres for in vivo radiother- 
apeutic use 

• orthopedic implantable ceramics 

• metal adhesive intermediates for teeth 

• polymer coatings for improved blood 
compatibility, insulating electrodes, and 
lens 

Ceramics and Glasses 

• chemical corrosion 

• containerless processing of glass in space 

• defects in glasses and oxides 

• degradation of capacitor ceramics 

• diffusion in oxides 

• high-temperature conducting oxides 

• low dielectric ceramic substrates 

• magnetic ceramics 

• mixed alkali containing glasses 

• nucleation and crystallization of oxide 
glasses 

• phosphorus oxynitride glasses 

• processing of glass fibers 

• sintering of ceramic oxides 

• superconducting oxide materials 

• thin film oxide components 

Composites 

• aerospace materials 

• modeling 

• tailored polymers 

Ion-Implanted Materials 

• bonding of layers to substrates 

• doping of semiconductors 

• improvement of wear in metals 

• inhibiting corrosion of metals 

Magnetic Materials 

• magnetic structure of soft and permanent 
magnets 

• magnetic properties of rare-earth-3d tran- 
sition metal alloys 

• properties of thin magnetic films 

Metals 

• coating on metals 

• electrochemical corrosion of metals 

• electrodeposition of metals 

• electrogalvanizing 

• Pb-Sn solder alloys 

• surface modification of metals 

Polymers 

• adhesion of polymer coatings 

• chemically protective polymer coatings 

• paints 

• plasma polymerization 

• polymer thin film 

• polymerization processes 

• semi-permeable polymer membranes 



Areas of Expertise 

Each member of the staff of the center 
has many years of experience dealing with 
the development, evaluation, and application 
of materials. Special expertise exists in the 
following areas: 

• adhesion 

• analysis and characterization of materials 

• biomaterials 

• ceramics and glasses 

• coatings 

• composites 

• corrosion 

• defects in solids 

• diffusion and mass transport 

• electrochemistry 

• ion implantation 

• magnetism 

• paints 

• plasma polymerization 

• polymers 

• surface properties 

• surface modification 

• thin-film processing and technologies 

• wear 

Members of the staff have active pro- 
grams in the above areas and often act as 
consultants and referees for grants and 
manuscripts in these areas. 
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Laboratory Facilities and 
Major Equipment 

The center features modern equipment 
commonly needed for research in materials 
development, characterization and evalua- 
tion, and for measuring common mechani- 
cal, thermal, electrical, and optical proper- 
ties. In addition, the center has specialized 
laboratories such as (1) a high temperature 
laboratory containing numerous furnaces, 
some capable of 1900°C in air or controlled 
atmospheres, for melting and heat treating 
metals, glass, and ceramics; (2) a laboratory 


for handling radioactive substances; (3) an 
X-ray laboratory with several diffractome- 
ters and camera units for ambient and high 
temperature use; and (4) a surface charac- 
terization laboratory for detailed studies of 
surface layers of solids. Other major items of 
research equipment include a JEOL JSM- 
35CF scanning electron microscope with 
both EDX and WDX X-ray analyzing attach- 
ments; a scanning Auger microprobe; an 
XPS (ESCA) spectrometer; UV, visible and 
IR spectrometers; optical microscopes with 
an image/feature analysis computer; and a 
thermal analyzer with DSC, TGA, and DTA 
capabilities. 

The center has very specialized and 
adaptable experimental facilities for the 
plasma deposition of polymers and other 
materials. A unique tandem semi-continuous 
plasma polymerization coater for fibers and 
films allows different processes to be ac- 
complished in a single pass. A system for 
coating the inside of tubing has the special 
advantage of providing a nonthrombogenic 


barrier coating on the inner surface of small 
diameter tubing used in many biomedical 
applications. In addition, the center has a 
variety of laboratory scale plasma polymeri- 
zation reactors which are suited for aca- 
demic research on the preparation processes 
of ultrathin films by plasma polymerization. 
Three tubular glow discharge reactors are 
used to synthesize polymers, composites, 
carbides, nitrides, and thin metal films at 
ambient temperature. 

An extensive electrochemistry labora- 
tory also is housed in the center. Equipment 
for the deposition and evaluation of electro- 


Iytically produced metals, polarization equip- 
ment, both standard and computer con- 
trolled, power supplies, RDE apparatus, pulse 
and periodic reverse platers, and analytical 
apparatus are available for specialized 
research. 

The center has a scanning Auger micro- 
probe and an XPS (ESCA) spectrometer 
which are used for the detailed analysis of all 
types of surfaces. These instruments can 
provide monolayer information on the ele- 
mental composition and bonding in a surface 
layer or at a surface layer/bulk interface. 
This information, along with that obtained 
from SEM measurements using the EDX 
and WDX X-ray spectrometers, gives an 
elaborate and detailed picture of the compo- 
sition and properties of surfaces and surface 
layers. 

Interaction With Industry 

UMR has a long tradition of working 
with private industry on materials research 
and development problems. Industrially 


sponsored research is encouraged by a flex- 
ible University policy which gives industry 
timely access to specialized research equip- 
ment and allows for licensing agreements 
with private industry. For certain types of 
research, the state of Missouri will contrib- 
ute to the cost under the Missouri Research 
Assistance Act. 

The center has an active interest in 
industrial research which is suitable for 
graduate student education and which falls 
within the technical expertise of the staff. 
Examples of industrially sponsored R&D 
projects conducted in the Center are (1) ion- 
implanted metals for improved wear and 
corrosion resistance, (2) chemical durability 
and thermal performance of refractory con 
cretes used in coal gasifiers, (3) evaluation 
and optimization of metal electrolyte quality 
using cyclic voltammetry techniques, (4) 
metal alloy coating of bearings, (5) develop- 
ment of polymer membranes for separation 
processes and coatings for corrosion protec- 
tion and leakage, (6) surface modification of 
polymers and polymeric water vapor barri 
ers, (7) development of chemically durable 
oxynitride glasses, (8) high temperature and 
special composites for aerospace applica- 
tions, (9) determination of surface composi- 
tion and imperfections in stainless steel, 
electronic circuit boards, polymers, photo- 
cells, and other materials, and (10) develop- 
ment of paints for special applications. 

Many companies also use the center s 
facilities for materials characterization, es 
pecially surface analysis. The arrangements 
for equipment use are very flexible, and can 
be tailored to satisfy many special needs. A 
fee is charged for operator time, supplies, 
and equipment usage. 






Materials Research in 
Other Units at UMR 

Materials research also is conducted in 
the following institutes and academic depart- 
ments. 

Institute for Chemical and 
Extractive Metallurgy 

The purpose of this institute is to en- 
hance interaction among researchers in dif- 
ferent disciplines whose work is concen- 
trated on extractive metallurgy. Particular 
emphasis is placed on the metals produced 
in the central United States. Many active 
projects in minerals processing, hydrometal- 
lurgy, electrometallurgy, and pyrometallurgy 
arise from current industrial problems of 
process efficiency, pollution control or both. 

The institute staff has close interaction 
with the major nonferrous metal producers 
in both the U.S. and Canada and with the 
Rolla Research Center of the U.S. Bureau of 
Mines. Many of these organizations support 
the research being conducted by the institute. 

Institute for Thin Film 
Processing Science 

The purpose of this institute is to inves- 
tigate thin films that can be used to improve 
properties of an exposed surface or to 
improve the interfacial region between two 
bulk materials. Emphasis is placed on film 
and substrate material selection and for a 
variety of film deposition techniques. Exper 
tise from several disciplines is used to study 
films and substrates made from a combina- 
tion of materials including metal, ceramic, 
glass, and especially polymers. 

Electronic Materials Processing 
and Characterization Institute 

The purpose of this institute is to con- 
duct research and educate students in elec- 
tronic materials, especially those involving 
ceramics. Scientists from several disciplines 
are studying nonmetallic, semiconducting, 
and metallic materials with funding from sev- 
eral federal agencies and private companies. 

Ceramic Engineering 

Major areas of materials research are 
electronic ceramics, especially for capacitor 
and electrode applications; corrosion of 
refractory oxides by slags/glasses; transfor 
mation toughening of ceramic composites; 
fracture mechanics of semiconductor silicon 
and polyphase, polycrystalline ceramics; 
single crystal growth (Si) in controlled atmo- 
spheres; development and properties of 
high-alumina cements and refractory con- 
cretes; chemical reaction of refractory oxides 
with high-pressure-temperature gases; and 
defect chemistry of ferroelectric materials. 


Chemistry 

Materials research is conducted in the 
areas of surface coatings and treatment, 
corrosion prevention, renewable resources 
for polymer precursors and characterization 
and dynamics of polymers. Samples are stu- 
died using a variety of spectrometers and 
other major scientific instruments. Materials 
related research is also conducted in formu- 
lation science; polymerization processes of 
foams and films; microemulsion polymeriza- 
tions; and in the physical and chemical 
properties of microemulsion, vesicles, col- 
loids, and liquid crystals. 

Electrical Engineering 

Research projects include the growth 
kinetics and evaluation of thin film photovol- 
taic materials (CdTe), theoretical modeling 
of photovoltaic devices, electrical and optical 
characteristics of semiconductor devices, and 
the use of fiber optics, laser diodes, and 
semiconductor materials in information pro- 
cessing. 

Metallurgical Engineering 

Research relevant to materials R&D 
include nonlinear mechanical properties and 
phase transformations of alloys, mechanical 
working of electroplated wires, prediction of 
metals failure from the early stages of metal 
fatigue, acoustic analysis of ore milling oper- 
ations, improved wear resistant metals, and 
pyrometallurgical processing of metals. 

Physics 

Areas of major activity are materials for 
nonlinear optics, optical properties of ion- 
implanted surfaces of semiconducting solids 
and of materials in the far infrared and mm 
range, properties of piezoelectric solids and 
characterization of materials using surface 
electromagnetic waves and ion beams. 


Generic Mineral Technology 
Center for Pyrometallurgy 

This center was established by the U.S. 

Bureau of Mines in 1982, with UMR acting as < ] 
the lead university and assisted by two other 
universities. The research conducted falls 
into the following main areas: smelting and 
refining processes in liquid systems, gas 
solid reactions in roasting processes, inno- 
vative and complex processes in refining, 
process mineralogy of smelter feeds and ^ 
products, and worldwide information collec- 
tion and exchange on pyrometallurgy re- 
search. 


For More Information 

To obtain more information about the 
research projects, arrangements for equip- 
ment use, specialized apparatus, or other 
programs of the Graduate Center for Mate- 0 
rials Research, contact: 

Director 

Graduate Center for Materials Research 

101 Straumanis Hall 

University of Missouri-Rolla 

Rolla, MO 65401-0249 

Telephone: (314) 341-4873 ® 

Persons interested in pursuing graduate 
degrees in any of the academic disciplines 
which are part of the center are invited to 
write for complete admission requirements 
to: 

Director of Admissions 9 

102 Parker Hall 

University of Missouri-Rolla 

Rolla, MO 65401-0249 

Telephone: (314) 341-4164 
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- One Surplus AC Motor (probably from a pawn shop) 

- One Sheet Plywood 
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- One Roll Duct Tape 
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Production and separation of small glass spheres _ 

! _ rn run 'n Phil ”FTn«tP Natural Philosophy Department, 

to w Paul, M.A., Ph.D.. and Professor R. V. Jones, C.B., CRE D.Phil.. F.InstP., waxunu 
W w.r^m. , University of Aberdeen 

r [Paper received 22 May, 1952] 

*' 0 ,„ ft* from pjeous inclusions l»ve teen .unde in 

Aiwratinn 


' 1. INTRODUCTION t 

!mI! uniform spheres of diameters between 1 and 40 jx have I 
ny possible applications ' as standard particles. For 
r m P u., experimental investigations of the scattering of 
a fatinn by particles require small spheres of unifom size 
ml of known refractive index and absorption ^efficient. 
These investigations enter into such diverse fields as 
numission of light through mist and fog, the measurement 
?Zdet size in a Wilson chamber, the covering power of 
Lent particles, and the optical characteristics of colloids 
totem ofuniform size and of known optical and mechanical 
soperties provide the best means of testing and calibrating 
Etus intended for the size analysis and surface area 
Semination of powders, particularly when the aPP^bis 
depends on the phenomena of light scattering and a^iption. 
Itespheres can also be used in experiments on flocculation 
«d adhesion, and on fluid and heat flow through^^an^ 
The main purpose of this paper is to describe how pineal 
Ibss particles ran be made and separated into fractions 
EgTsmaU spread in size, in the hope that the technique 
wy be generally useful. A subsidiary purpose wiU be to 
Jcri bc the method of separation, which may have general 
application as a method of size analysis with a relatively high 
resolving power. 

2. PREPARATION OF THE SPHERES 

(a) Methods for the production of glass spheres have been 
described by Sklarew.O) Sollner,<» and Bloomqmst and 
CD After the glass has been ground and powdered to 
the desired size, each individual particle is raised to fusion 
temperature while free to take up sphere^ shape, and kept 
m teat shape until it has cooled to a rigid solid. We have 
oteTded themethods of the above workers towards producing 
id apparatus which is compact and easy to operate, wiuch is 
efficient in the avoidance or elimination of particfea i that are 
Doo-spherical or have impurity inclusions, and which collects 
proportion of the original powdered glass in spherical 


) Experimental method 

Prior to fusion, the glass is ground to the desired “<* 
■ied for 12-24 h in an oven at 300° C to remove most of ■ 
emoisture so that the particles do not lump together of 
kk to the walls of the container. The apparatus shown in 
fl is used- A blowpipe T is fed by ordinary coalgas 
5 an 'oxygen-air mixture which becomes loaded with glass 
utides on passing through the container A. The flame iis 
rtl enclosed in a cylinder C, and at its tip u pteced a baffle 

• • i . . .nin i* nnlK tKa flflTnft find OI 


tubes to the blowpipe are tBbmugly dried ^toTtom 

eemi < -cii5e"tc^ create a swirl loading the stream with glass 
oowder The formation of pocket* of powder that may shoot 
£o£h the flame without dispersion into 

. - n ratj^ntfid The blowpipe ihould deliver a broad, 

— ■* “> “» 

iS 



FiB 1 Sketch of apparatus for production of glass 

spheres 

flame from the air-oxygen tube. The cylinder C, confines 
die flame and creates a path to the wawltat is more 
uniformly heated than if the flame were in the opem 

A glass particle might be ejected sideways from tlie flame 
to auickly that it does not fuse. To p reven t this, the particl 
minht be guided through the whole leflfeth of the flame; this 
would be very difficult experimentally. Alternatively, they 
Sdrt be made tostay longer in the flame by reducing the 
flam* velocity or they might be heated more quickly by 
increasing the flame temperature. Some of these requirements 
S^SSlIy exclusive, and, in practice, fusion time and fusion 
temperature are adjusted to give the maximum number of 

353 Articles and any 

from entering the collecting apparatus by the teffle Tte 
efficiency of collection is thereby reduced, but the non- 
apherical component is completely eliminated. 

After ejection from the flame the spheres are confined to 
the cylinder C 2 and allowed to cool before final extrac *°“- 
the air stream S cools them still further and pumps them 
along C* into the receiver R. 

(c) Results . 

When soda and Pyrex glasses are fused, inclusions are 
■ * »nfUr mteroscone examination (see rig. *)• 


it enclosed in a cylinder C, and at its .^ p !* p ^“ Ldof often noticed under microscope examination (i 
baving'a circular hole XL fusion, have a lower reftective index tf 


having a circular dojc couwmi^ — *7 - 

rat the same diameter. Behind B is placed the cylinder Ci» 
cold air stream 5 at right angles to this cylinder at ite far 
A ejects the fused glass particles into at water trough if 
Tbeowgen-air ratio in the feed to the blowpipe is adjusted 
rive a ‘^roaring” flame; this imparts sufficient veloaty to 
t Blass to carry it into the receiver and gives sufficient heat 
fKrat^he particles. The bottle ^ and the connecting 
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These inclusions have a lower refractive index than glass, as 
observed by the Beck* line test, and a lower density, as is 
easily verified in separation of the spheres by centnfugation 
in a liquid of density near to the glass density. The 
are probably gaseous and may be caused by the freezing 
in" of expanded bubbles of gas in the glass or by the trapping 
of air when several small particles fuse into one Urge one. 

pneeaDtNt page blank not filmed 
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The production of gas bubbles could be reduced by lowering 
the flame temperature to the lowest usable value; however, 
there would be some variation in temperature in a cross- 
section perpendicular to the length of the flame so that 


lars® 0 °0 Oaf? 


°8rf cPccT 

o-ePcr °o 43 

Q 

CXjP 







Fig. 2. Photomicrograph of soda glass spheres, im- 
mersed in water, showing inclusions. Diameter 1-40 fx 

differently situated particles would be differently treated. The 
trapping of air between particles would be lowered by reducing 
the density of particles in the air-oxygen stream. When these 
precautionfr"*are applied in the case of soda glass, some 
jmprovement ensues, but a wholly inclusionless sample has 
not yet been obtained (cf. Figs. 2 and 3). The final product, 
when Hysil glass is used, contains uniformly spherical particles 
of diameters ranging from less than 1 u to greater than 40 fx 
(see Fig. 3). There are few particles that are seriously 
a-spherical. Measurements of the worst-shaped member of 
a random sample of twenty particles gave a maximum to 
minimum diameter ratio of 102. No extra difficulty is 
anticipated in fusing other materials by a similar technique. 
Experiments were carried out on the production of spheres 
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fusion to avoid inclusions and strains. A more eflec 
cooling device could be established and a higher percent 
of the ultimate product collected. The preliminary exp 
ments earned out were only moderately successful, the n 
difficulty lying in the initial dispersion of the powder sarn 
In ihe present method or separation Hysil glass spheres fu 
in a flame as described above are used. 


3* SEPARATION OF THE SPHERES INTO 
CLOSELY-SIZED FRACtToNS * 

Different definitions of the tenn "size” are appropriate 
different methods of particle separation and analysis, 
this discussion the size is measured by the actual sph 
diameter. 

(a) Accepted methods 

There exist several established methods of separat 
particles of the size required; however, none of these gi 
very uniform fractions even with considerable expenditure 
effort. The sieves available are unsuitable for produc 
sharply defined graded fractions, the proportional variat 
in sieve opening increasing as the opening becomes smal 
A possible modification of the sieve, a slit mechanism 
narrow aperture, was constructed with a slit length 
approximately 1 cm and adjustable down to slit widths 
approximately 2fx. The variation of slit width over 
whole length was of the order of 5% at 5 ft. Glass sphe 



Fig. 3. Photomicrograph of Hysil glass spheres, dia- 
meter 1-40 ft, immersed in water 

by dropping glass through a silica furnace 30 cm long run 
at 1 000° C. A long, wide furnace that can be maintained at 
a steady high temperature would fuse most types of glass. 
Further, the better control and estimation of temperature 
would allow the exact determination of the best conditions of 


Fig. 4. Photomicrograph of Chance glass spheres 
immersed in water. Diameter 216-224 fx 

were vibrated vertically in a suitably shaped closed cav 
above the horizontal slit The relative velocity of spheres a 
slit was probably less than lOOcm/soc and there was 
observable deterioration in the condition of the slit jaws d 
to abrasion by the glass. It was found that the yield 1 
spheres smaller than 40 ft was very low owing to doggi 
of the slit by spheres suffering electrostatic -attr act 
Spheres larger than these were separated quite efficient 
Successive separations at slightly different slit widths succeed 
in giving a sample inside a narrow size range. Fig. 4 she 
spheres of Chance glass, size 216-224 fx, separated by tl 
means. The size corresponds exactly with the slit setti^ 
In the size range greater than 40 fx there seems to be lit 
difficulty in thus producing monodisperse samples. 

Small homogeneous spheres settle in a fluid with limiti 
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Production and separation of small glass spheres 


decides dependent on some power of their diameter. The 
ml applications of this in separation work are i n i the wed- 
twwn tec hniq ues of sedimentation with decantation, in 
toriation and in centrifugation. Sedimentation followed 
iJSantation is a laborious process involving large qu “ uqe * 
g liquid, which never gives complete separation. lt » 
■fal way of producing a wholly “under-size fraction. The 

SSST which »“?«»* “ 

fc hhwilhlhnilingwh)oty ui«ler Stokes Uw.bw 
hhoent disadvantages— vanations in fluid 

itferent parts or the tube, wall effects, temperature effec^— 

tenrooiliuperformance. The ordinary centtifugemrth^ 

dfficulties similar to those of the decantation Procure- 
Shi any caseis usually employed m the size nmgebdowl^. 
llectrostatic methods of separation are theoretiaUy 
po nible, but the experimental difficulties are considerable. 


id) the liquids should not react with the container, pro- 
diwfag precipitated particles or giving any product 
likd/ to coagulate the particles to be separated or 
interfere with their free fall. i 


j>) Method used 

(n The density gradient. The equation of mohon or a 
particle falling under streamline flow in a fluid medium 

nix = (m — wlz ~~ kdr)x 


Acre mr = weight of particle, m'g = upthrust of liquid, 

rf- dfameter of particle, r, - viscosity °[ Uqu1 ^ VT^S^ce 
Ihe nartide starting from rest, accelerates until the resistance 
Aw to^fluid viscosity balances the resultant gravitational 
5, Xre k with a terminal velocity * given by 


k'(p - p 0 )d 2 
v V 


where p p„ = densities of particle and liquid, k‘ - constMt. 
toota experiments the conditions necestary for the >PP^'<£ 
5 Stokes’ |aw to the fall of the particles may be assumed to 

Stssary in the ordinary sedimentation Procedure to 
JSe .ISdSX a large number of times to produ« reason- 
.bly good size separation. If the particles could be released 
jyjSoS at the top of the sedimentation vessel and 
illowed to fall with their terminal velocities, they wou 
£Ttob£« border of size. 

Sri downwards like a blob of mk, large and small muted, 
Sfno application of grids and baffles reduces the convection. 
Tbe instability of the column is caused by the larger 
density of the layer containing the particles over the y 

'*£'> C Frank suggested that if the particles were made 

SrVwirito develop, and the particles would settle wnh 
Stir limiting velocity under Stokes’ 

”7- nracrioe has already been summarily reported.^ in 
choosing tiquids to form a density gradient several considera- 
tions have to be borne in mind . 
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(a) the tiquids should mix over a considerable range of 

proportionate volumes ; , . 

(b) the tiquids should have a density difference wfltaratiy 
41 high to make that between successive 

than a certain minimum. This minimum is dependent 

on the tiquids used, and is just large enough to prevent 
the layers mixing immediately on contact; 

(c) none of the liquids used should coagulate the particles 
to be separated; 


• Mr. W. H. Walton has independently developed the same 
neihod— private communication. 


Mixtures of alcohol and water are found to be mtirfactmy 
in the separation of glass particles. Mercuric chloride was 
iSySed to the Sol-water mature to P^org«£ 
growths, which were a troublesome feature 
menu with the density gradient column. Diffusion at the 
interfaces between layers provides a gradual change-over in 
\x made thin and numerous so that 

SssrtfTSa ritaxftss 

1 TOetteMitto ofthe mixtures used in setting up the 
arein steps of 0 01 g/c.c. from 10 to 0 86 ^ 

containing vessel is filled with water, and a * 
Sngedad lowered on to the water surface. Liquid of 
density 0 99 g/c.c. it alowly 
pipetted down the ride of the 
tube. At the flange the down- 
ward velocity is reduced and a 
flow outwards across the water 
surface produced. With a 
density difference of 0 01 g/c.c. 
it is relatively easy to create 
a step in density at the water 
surface. The procedure is re- 
peated with further layers. The 
of the different layers 
is adjusted to provide a tteep 
gradient at the top of the sedi- 
mentation vessel. A typical 
gradient is shown in Fig. 5. 

(ii) The instrument. The 
gradient is incorporated in the 
instrument of Fig. 6. The sedi- 
mentation vessel A is locked to 
the detachable top C of a large 
cylindrical container B at a 
point near the circumference. 

A number of small glass 
dishes are mounted round the 
cir cumference of a plate D 
which is rotatable about a 
c en tral stem E in such a way as 
to bring the dishes successively 
b eneat h A, which may be of 

anv length and may have a unde variation in diameter. 
The length is determined by the size of particle being 
■eparated (the larger the particles, the greater the length 
required) by the resolution required in the separation, by the 
time considered necessary for the completion 
run and by the time taken to change the dishes m position 
without introducing any tendency for the liquid m Bto swirl. 
The vessels used varied in length from 20 cm to 100cm and 
in diameter from 6 cm upwards. The bottom part of A u 
wax-sealed into a cylindrical brass container H which fa 
turn is locked securely through a hole in the Perspex plate C 
by the ring J, screwed tightly to the threaded bottom portion 
K of H. Rubber washers are used to perfect the liquid-tight 


18 


density 

(9/cc) 


lenqtn(cm) 


Fig. 5. Typical con- 
struction of alcohol- 
water column having 
a gradient of density 
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empirical calibration of the gradient for density and viscosity. 
Several precautions improve the quality of the separation. 


seal between Perspex and brass. A stopcock F empties A 
as required. The top Perspex plate C is fixed to B by a 
brass ring L and twelve bolts and nuts M spaced round B . 
B is constructed of brass and has a stopcock G. 



(a) The instrument and the liquids used must be as free « 
possible from extraneous particles. 

(1,) The glass introduced in suspension must be completely 
deflocculated and must stay dispersed during the 
time of the separation. A combination of mechanical 
dispersion and suitably chosen liquids provides good 
defiocculation. Water-alcohol mixtures are especially 
suitable for glass. # 9 

(c) Particles which stick to the walls and are dislodged 
may eventually fall into the “wrong” receiving dish. 
They are eliminated by inserting, at the bottom of 
the vessel A, a baffle ring P designed to present t 
sharp edge to the falling spheres at such an angle 
that they are unlikely to attach themselves to the 
edge itself. 

(iv) Results and conclusions. Spheres with diameters up 
to 40 (x have been separated in one operation giving over 
90% of all those in one dish within ± 5% of the mean si a. 
Fig. 7 shows a typical separation. The separated particle* 
can be used in any application requiring a small amount of 
uniformly spherical particles of the same size. The amount 
of material separated in each operation is small, being of the 
order of 0-3 g, but it is possible to make at least 3 runs in 
the same column without destroying the density gradient 



holf plon 


Fig. 6. Apparatus for separation of glass spheres 


Through the centre of C is sealed the stem E which has 
attached to its lower end a Perspex plate D carrying a number 
of small, concave glass dishes N fixed in position by circlips. 
The size of D and position of the dishes are such that they 
can be revolved in turn, by F, into position under the vessel A. 
The height of D is adjusted until the dishes are under, and 
as close as possible to, the brass end H> to ensure that any 
particles falling out of A will settle in a glass receiving dish. 
The instrument is levelled by mounting the three feet of B on 
adjustable jacks. 

When the vessel B is being filled it is advisable to prevent 
the trapping of air bubbles on any part of B or the apparatus 
,p. i^ B. An air bubble released during a run which rises 
through the sedimentation column spoils the separation by 
causing swirls along its path. This difficulty can be avoided 
in several ways, e.g. by coning part of the underside of the 
top C and trapping the air in the cone apex, or by providing 
an escape port by suitably slotting the locking ring J and 
the bottom threaded part of H. 

(iii) Use of instrument. When the instrument has been 
assembled and the liquid column with its gradient of density 
established, a dilute suspension of spheres in pure alcohol to 
run down on to the top of the column using the flanged tube 
as before. The dishes are then routed under the sedimenta- 
tion vessel at times determined by the size of particles required 
and their velocity of fall as calculated from Stokes’ Uw and 



Photomicrograph of Hysil glass spheres im- 
mersed in water. Mean diamater 14 /* 


The method may be used for any material if two liquids as 
be found that ™»intain dispersion of the particles and are of 
tu ftaKU. density and viscosity. The method of separstioo 
may be applied directly to the size distribution analysis of 
powders and has been used in a method depending on tto 
scattering of light by the particles as they cross a horizontal 
section of the sedimenUtion vessel. 
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Material Specifications for Pule* Pmrfnrh. 


Soda Lime Glass: 

Chemical Composition: See Over 

Ifcmperatures: Strain Point: 505C 

Annealing Point: 550C 
Softening Point: 730C 
Working Point: 980C 

Refractive Index: 151 - 1.52 
Specific Gravity: 2.45 - 255 

Linear Coefficient of Thermal Expansion (0 - 3000: 85 - 93 x 1ft 4 /C 
Young's Modulus: 1 x 10 f pel 
Rigidity Modulus: 4.3 x 10* psi 
Poisson's Ratio: 0.21 

Dielectric Constant: 12.1 (23C lKHz), 7 JO - 75 (20Q 1MHz) 

Power Factor (1MHz at 200: 0.004 - 0.011 
Volume Resistivity 9 250C lO^Ohms 
Hardness: DPH 50g Load: 540 kg/mm 2 

Knoop lOOg Load: 515 kg/mm 2 
Speed of Sound: 55 km/s at 23C 

Mean Specific Heat: 0.18 cal/gmC at 20C, 058 cal/gmC at 1000C 
Thie Specific Heat: 0.1 8 cal/gm/C at 20C 052 cal/gm/C at 1000C 
Thermal Conductivity. 0.002 cal/sec/cmC at OC, 0.0036 cal/sec/cmC at 500C 
Coefficient of Friction: 0.18 to 054 (glass on glass) 

Dielectric Strength: 4500 Kv/cm 

Thermal Diffuaivity at Room Temperature: 0.005 cn^/ssc 
Emissivity: 10% at 2jim 
58% at 3)im 
90% at 45)un 
98% at 8tun 
78% at 9.5iun 
85% at 12.0iun 

Spectral Emissivity of a 1/8" thick piece: 72% 

Chemical Durability-Powder Tests 

In watet 4 hours at 90C: 0.05% NaP extracted 
In N/50 H2S04, 4 hours 900 053% NaP extracted 
Absorption Coefficient: 0.069/cm in the visible region 
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Chemkal CnrnpndHtwi of CUm 

Glass is very rich in Si and it can also contain large amounts of other elements such as Fe, 
Na, K, Ca, Mg, and AL The primary compound in glass Is SiO, Pure SiO a glass is very 
similar to quartz except that it does not have the long range crystalline structure of quartz. 
Such glass has the following characteristics: 

ex cel l en t chemical durability 

can withstand large temperature shocks 

transparent to a wide range of wavelengths of light 

very high melting point (17230 

difficult to shape 

Adding other elements lowers the glass rrtp. and viscosity so it is easier to work with 
although not as durable. 

Soda* Lime Glass; Soda lime glass is a mixture of Nap, CaO, and SiO a along with other 
trace elements. Color can be added with trace amounts of transition metals. The colors are 
a result of transitions of electrons in the 3d orbital. 

Fe 9 * green color you see when looking at the edge of a window pane 

Co 2 * blue o—o r~ 

Mn 9 * purple 

O 9 * greens 

In acidic solution, H* exchanges with alkali ions on the surface. This has little effect on the 
structural integrity of the glass, so it holds up quite well tuider oc*d*c conditions. 

In basic solution, OH* ions disrupt the structure and can actually dissolve the glass. 
Formation of a white film on the glass is an indicator of this effect 

Chemical Analysis of a Typical Duke Soda-Lime Class 


SiOj 

67*75% 

Nap 

13% 

CaO 

9.7% 

MgO 

33% 

Alp, 

0.4% 

Kp 

&1% 

Iron Oxide 

£0.2% 



CHAIN/CONVEYOR LUBRICANT 


A group of high temperature lubricants containing graphite or molybdenum disulfide with additives In a variety 
of carriers designed to reduce friction without forming objectionable residues over wide temperature ranges. 

TYPICAL BENEFITS 


• Extended life of moving parts 

• Extended lubrication cycles 

• Function over wide temperature ranges 

TYPICAL APPLICATIONS 

• Oven and furnace chains or bearings 

• Rails in annealing furnaces 

• Metal lithograph lines 

• Flberboard and carton lines 


• Reduced energy consumption 

• Reduced downtime from chain freeze-up 


• Conveyor chains and trolley wheel bearings 

• Dryer ovens — Tobacco — Plywood 

• Paint lines 

• Can lines 



Product 

Pigment 

Carrier 

Flash Pt' 

Temperature’ 

(A) (C) 

GP-250* 

Graphite 

Synthetic 

380° F. 

1600 °F. 

(A) (C) 

GP-251 

Graphite 

Synthetic 

490" F. 

1000°F. 

(A) (C) 

GP-751 

Moly 

Synthetic 

490 °F. 

750 "F. 

(A) (C) 

LS-1350* 

Graphite 

Synthetic 

490°F. 

1000 °F. 

(A) (B) (C) 

LS-2527 

Moly 

Hydrocarbon 

130°F. 

750 "F. 

(A) (B) (C) 

LS-2574 

Moly 

Hydrocarbon 

130"F. 

750 °F. 

(A) 

LS-2593 

Graphite 

Synthetic 

470 °F. 

1800°F. 

(A) 

LS-3101 

Graphite 

Synthetic 

570 "F. 

1000°F. 

(C) 

LS-3118 

Moly/Graphite 

Oil 

350° F. 

1000°F. 

(B) (C) 

LS-3111 

Moly/Graphite 

Hydrocarbon 

265°F. 

1000 "F. 

(A) (B) (C) 

LS-3110 

Moly 

Synthetic 

280 "F. 

750"F. 

(A) (B) (C) 

LS-3145 

Graphite 

Synthetic 

250" F. 

1800*F. 


(1) Flash point of carrier. 

(2) Maximum continuous operating temperature after the carrier has evaporated. 

(A) Synthetic carriers will not form objectionable residues, i.e., carbon and varn'sh deposits. 

(B) After evaporation of carrier, products will function as dry film lubricants. 

(C) Suitable for automatic lubricating systems. 

(*) Require some agitation. 
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AMERICAN TECHNCA Inc. 

118 DEN1QN WENLt 
NEW HYDE FARK. NY 11043 

TEL: 516-741-7140 MOST SUITABLE DIMENSIONS OF BALLS 


MbE ■ 07733S4 □00007b 7 ■ 

* ' X 

AMERICAN TECHNICA INC 

vT- 0J-/L, 


* 0 . 127 mra 

2.50 



7.50 



* 0.15 

2.788 

s 

7 / 64 " 

7.938 

- 

5 / 16 " 

0.2 

3.00 



8.00 



0.25 

3.175 

- 

1 / 8 " 

8.50 



0.30 

3.50 



8.731 

- 

11/32 

0.35 

3.969 

- 

5 / 32 " 

9.00 



0.40 

4.00 



9.525 

ac 

3 / 8 " 

0.45 

4.50 



10.00 



0.50 

4.762 

m 

3 / 16 " 

10.319 

s 

13/32 

0.6 

5.00 



10.50 



0.7 

5 . 50 " 



11.00 



0.8 

5.556 

rz 

7 / 32 " 

11.112 

s 

7 / 16 " 

0.9 

6.00 



11.50 



1.00 

6.350 

= 

1 / 4 " 

11.906 

- 

15/32 

1.50 

6.50 



12.00 



1.588 *= 1 / 16 " 

6.74 7 


17 / 64 " 

12.50 



2.00 

7.00 



12.700 

= 

1 / 2 " 

2.381 = 3/32" 

7.144 

= 

9 / 32 " 
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A ) ] sizes in metric except where noted. 

Other sizes are available upon request. 

Ball arc available in Synthetic, Ruby. Sapphire, Quartz, Optical 
glasses. Ceramics, Zireoma, Sodalime, Borosilicate and Tungsted 
Carbide . 

•Only available in Synthetic Ruby 
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Glass Balls 


When It comes to low cost flow con- 
trol and high heat applications, 
design engineers find glass balls 
hard to beat. For good reason. 

Glass balls are dimensionally 
stable. They resist corrosion and 
chemical absorption well. Plus, they 
can withstand temperatures up to 
600°F. 

Glass balls also vary In density, 
depending on the type of glass 
they're made from. They are widely 
used In applications requiring a 
specific gravity. 

Lett take a look at why these 
unique characteristics make glass 
balls Ideal for flow control. Instrumen- 
tation and fiber optic applications. 

Food processing, pharmaceutical, 
and photographic processing equip- 
ment engineers select glass balls for 
check valves because they provide 


Glass Properties 

Soda-Ume 

Boroslllcafe 

“Black Glass' 

Density: gm./cm * 

2.47 

223 

2.64 

Hardness : Knoop-KHN w 

465.0 

418.0 

405.0 

Softening Point: °C. 

695.0 

820.0 

650.0 

Maximum Working Temperature * 
(annealed glass) Normal °C, 

110.0 

230.0 

110.0 

Extreme *C S 

460.0 

490.0 

380.0 

Young Modulus: 10 4 lb./5 sq. In. 

10.0 

9.1 

9.0 

Poisson's Ratio 

024 

020 

021 

Thermal Expansion 




col, cm7300°C. - 10*’ In./In,/ 6 C, 

92.0 

33.0 

69.0 

Thermal Conductivity 




cal. cm Jem* sec. deg. C. 




- 148 *F./- 100*C. (x 10"*) 

1.99 

2.13 

— 

+32°R/0 # C. (x 1C*) 

2.43 

2.71 


♦212 # F7+100 B C.(x10-*) 

2.65 

3.12 

- 

Thermal Stress Resistance 

17 *C. 

53 *C. 

18*C. 

Dielectric Properties at 1 MHz • 20°C. 




Power Foctor % 

0.9 

0.5 

0.17 

Dielectric Constant 

72 

4.6 

62 

Loss Foctor 

6.5 

2.6 

1.4 

Log« of Volume Resistivity: ohm-era 




26 °C. 

42 <4 

45.0 

__ 

250 °C. 

6.4 

8.1 

8.9 

350*C. 

6.1 

6.6 

7 JO 

Refractive Index Sod. D Line (.5693 microns) 

1.512 

1.474 

1207 

"MecrKrtccHconederottonsortY. 

NOTE: The phyecalpropertei Ml way between row gfcm monulooMers. 
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AMERICAN TECHNICA INC 


077335M D0D0D77 1 


AMEPCAN TECHNICA Inc. 

•118 DENTON AVENlli. 

NEW HYDE PAIvK. NY 11013 


TEL: 516-711-71/1!) 
I' AX 516-741-73^1 


A.F.B.M.A. * Grade Tolerances and Terminology 


A.F.B.M.A. 

Grtde 


Diameter 

Tolerance 

per 

Bali 


‘V Block 
Ouiof- Round 
m 

120“ Anglo 


Ota motor 
Totofance 
per 

\Jrtf Container 


Base 

Dtameler 

Tolerance 


Maying 

Increments 


Maximum 

Surface 

Roophneaa 

Micro-Inch 


.000003 

000005 

000010 

000015 

.000025 

.00005 

.0001 

.0002 


000003 

000005 

.000010 

.000015 

000025 

00005 

0001 

0002 


.000005 

.00001 

.00002 

.00003 

.00005 

.0001 

.0002 

.0004 


2.00003 
2.00005 
2.0001 
2.0001 
2 0001 
r .0002 
2 0005 
2.0010 


.000000 

000005 

000010 

.000015 

000025 

00005 

0001 

0002 


~AA" Arithmetical Average 
••These grades may carry wravine as requirements. 

clarification. 

sSS ffSutorities. finely spaced, direction, height and width ol which demonstrate the overall surface pattern. 
Geometrical irregularity o I the bal surface where wave lengths are longer than the roughness. 

TheB^cOUimeier is specified by a fraction plus a decimal only to toe sixth place e.g. 1/4* + .0002* or -2502*: 15/64* + 
.0003*. or .223575*. 

Thi m«toTum delation allowed ot any ball diameter from the basic diameter, in any shipments to satisfy orders lor that 
basic diameter. 

ThT^^^^o^r^re^^be tween the largest diameter and the smallest diameter measurable on one ball. 

The^towabto'ange of toe*average dameter ol single balls within any one unit container. 

Numerical value ol the Diameter Tolerance Per Ball shown in millionths ot an inch. 

Measure of resistance of baits to penetration as figured by the methods Indtoated In this standard. 

iuot is made up of all balls, same grade, sped Be diameter (marking increment), hardness and material, submitted for 
approval as an undivided whole at the same time. 

^and^*uri!ts!p^ in mBIionths of an inch to show toe Spetific Diameter. 

5^ which iTused lor the purpose of general identification, e.g.. 1 m/m 1/8*. 3/16*. 7/32*, 15/64*. ate. 

‘Quality of Geometry: 

Degree of precision indicated by dimensional tolerances. 

^wd S refi^rnenl of toe surface characteristics as indcated by wavtness. roughness and appearance. 

iKtSti S dameter as marked, shown in the grade's standard marking Increment ctoeast to the average dameter 
of the balls in that unit container. 

^tawtalner marked as having balls of toe same material, specific dameter and grade. 

££S££fy relerrecfto as thre^poinl or multiple .point ^fFroimd^ “ s mom vari8tlon ,n rise ot toe i ban 
made possible through changing the position while the ball is supported in a V block. 

A macroscopic inspection ol the ban surface tor Imperfections. 

•Anti Friction Bearing Manufacturers Association (AF.B.MA.) 



GRAPHITE PRODUCTS CORP 35E D ■ 4065b t J0 DOOOOfll 3 m ~ If 7 

GP ceramic precoats are designed for use in metalforming operations to 
provide lubrication and protection against oxidation at elevated temperatures. 


TYPICAL BENEFITS 


• Improve metal flow • Reduce friction and pressures on dies 

• Provide oxidation protection • Reduce heat loss of workpiece 

• Provide added lubrication • Improve surface finish of workpiece 


SURFACE PREPARATION 

Workpieces should be chemically or mechanically cleaned and rinsed with water prior to coating. Acid etching followed 
by a clean rinse Is recommended. For water-base coatings, preheat workpiece to 150*F to 300*F (66*C to 149*0 after 
cleaning and before coating application. 

METHOD OF APPLICATION 

The products may be used full strength for blocking/extruding operations. For mixing or diluting to a desired level, 
thoroughly mix to a uniform consistency, using a method that minimizes air entrapment. Hand mixing or agitation with 
a slow speed mixer le recommended. 

Work pieces may be coated by dipping or spraying, followed by air drying from 10 to 30 minutes depending upon carrier 
and room temperature. 

For optimum results, a smooth uniform coating, free of cracks, runs or pinholes is necessary. 

Dipping Procedure 

Clean and thoroughly dry parts before dipping. Position parts after dipping to minimize buildup of coating while drying. 
A coating thickness of 0.001” to 0.002" after drying is recommended. 

Spraying Procedure 

Conventional spray or electrostatic systems are suitable for coating parts. Experience will dictate proper patterns and 
technique. Dry-film coating thickness should be 0.001” to 0.002”. If necessary make additional applications only after 
Initial film Is thoroughly dry* 

DILUTION RATIOS 

Concentrated product may be diluted for thinner coating or spray system application. Start with 8 parts concentrate 
by volume to 1 part proper carrier. Dilute further If necessary. Slowly add diluent to product while gently stirring. Avoid 
excessive agitation which causes air entrapment. 


COATING REMOVAL 

Residual coatings may be removed by sandblasting or hot salt bath treatment. 

HANDLING AND STORAGE 

Shelf life of products Is from six months to one year In original unopened containers. Materials with flammable solvents 
Should be kept away from open flame or sparks. Seal containers when not In use to prevent contamination and evapora- 
tion. Use adequate ventilation with all solvent based coatings. 


For additional Information of safe use and handling refer to the MSD8 of each product. 
For Information on Graphite Die Lubricants end Precoats pless# request PB-2 Bulletin. 



Graphite Products Corporation 


P.O. Box 29, Brookfield, Ohio 44403 
Phone: (216) 394-1617 
FAX: (216) 394-2389 
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GRAPHITE POWDERS 

A selection of three grades of graphite powder in three different ranges of particle sizes. The 
black boundary lubricant powders have no melting point and are thermally stable at 
temperatures in excess of 1000°R in the presence of air. 

TYPICAL CHARACTERISTICS 

• Adheres to most surfaces. 

• Lubricates over a wide temperature range up to 1000°F. in the presence of air. 

• Readily mixes with greases, oils, and fluids. 

• Maintains a very low coefficient of friction in high temperature environments. 

AVERAGE PARTICLE SI2E (1J OF POWDER 

GP 600 98% by weight through 325 sieve. Average particle diameter determined by sieve 
analysis. 

GP 601 96% to 98% by weight through 325 sieve. Average panicle diameter determined by 

sieve analysis. 

GP 603 .7 to .85 microns average particle diameter by Fisher Sub Sieve Sizer. 

<u Not to be used as a specification. 

INDUSTRIAL USES 

• Metalworking for hot forming, hot extrusion applications. 

• Additive for plastics, rubber to reduce or modify friction. 

• Additive for plastics, rubber, as an electrically conductive pigment. 

• Tumbling/burnishing application to 4t O” Rings, packings and seals. 

• Maintenance lubricant in powder form. 

APPLICATION METHODS 

■ Tumbling for metalworking or small component coating. 

• Burnishing or rubbing surfaces with cloth. 

• Dusting or small applicator bottle for penetrating narrow areas. 

• Powder ingredient mix for plastics, elastomers, plastics and powder metals. 

Grqphlfr Products Corporation 

Puchoiea mould throutfity ttet and independently conclude tottsfoclorv rmJH before apo*caflon of Graphite Pioducti Corporation product! 

The user auumes cfl rkk and Aabflity for km, damage, or injury k> property or other* or me umt orWng from me appAcotion of the goodi fUneheo 
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Applications for Microspheres 

End Um 

Matrix 

Mm r> i 

Cultured mart)*© 

Polyester 

Density reduction 

Simulated-wood furniture 

Resistance to thermal shock 

Decorative casting 



Marine decks and hull coring 

Polyester 

Cost reduction 

Marine putty 

Epoxy 

Improved stiffness 

Ffoergl^reinlorced plastic 
coring 


Easier finishing 

Bowling-baH cores 

Polyester 

Density control 

Pfywood-palching 

Polyester 

Improved shaping and finishing 

compounds 

Epoxy 

Thermal insulation 

Irtsuiative pipe covering 

Polyurethane 


Automotive sound-deadening 

Asphaltic 

Density reduction 

pads 


Acoustic insulation 

Automotive sealants 

PVCptastisol 

Density reduction 
Reduced sag tendency 
Chip resistance 

Auto and truck brake pads 

Phenolic 

Increased pad life 
Density reduction 

Syntactic-foam flotation 

Epoxy 

Density reduction 

devices 



Hi-mil coatinQs 

Solvent-based resin 

Density reduction 

Textured paints 

Water-borne binder 

Improved rheology 

Grouts 

Latex 

Density reduction 

Roof coatings 

Elastomeric latex 

Enhanced trowelabflity 

Synthetic stucco 

Latex/cement 

Improved sprayability 

Concrete 

Cement 


Industrial explosives 

Water gel 
Emulsion 

Sensitivity 

Refractory coating/bncks 

Ceramic composrte 

Thermal insulation 

Grinding wheels 

Ceramic composite 

Antislump in green state 

Phenolic 

Controlled porosity 
Weight reduction 




PQ’s hollow microspheres are your best 
choice when you need a lightweight 
filler. We currently offer glass, ceramic 
and plastic hollow microspheres. 

To the naked eye microspheres look like 
a fine white power. If you looked at 
them through a microscope, you would 
see micron-sized, spherical particles 
filled with air. 

These tiny spheres provide a surpris- 
ingly wide range of benefits in finished 
products: 

• low density 

• improved flow 

• reduced shrinkage and warpage 

• better impact resistance 

• cost reduction when more expensive 
materials are displaced 

• easier finishing and working 
characteristics 

• sound and thermal insulation 

Microspheres were first introduced as 
lightweight fillers for plastics, explo- 
sives and cements. Because they have a 
low specific gravity, a relatively small 
quantity of microspheres can displace 
more costly materials and reduce overall 
weight and costs. In water gel and emul- 
sion explosives, microspheres function 
as sensitizers. 

The number of industries that use 
microspheres has grown considerably 
over the years. Today our products are 


found in lightweight cements, explo- 
sives, auto parts and underhody sealants, 
bowling balls, marine industry products, 
building materials, autobody fillers, cul- 
tured marble, paints, grinding wheels, 
friction compounds and refractories. 
They are compatible with polyesters, 
epoxies, plastisols, urethanes, thermo- 
plastic, latex and phenolic resins. 

Our products are available with surface 
functional coatings, including silane, 
metals and pigments for specialty appli- 
cations. 


We manufacture microspheres at four 
locations on three continents. Our net- 
work of distributors circles the world. 
PQ’s technical service representatives 
are available to advise you on formulat- 
ing or processing questions. 

The PQ Corporation 

Tour single source for microspheres— 

anywhere in the world. 


Momwtfon herein it eoewreta lo hi beet of our knowledge. Suggestions ere mede wit ho ut warranty or guerenlee of reeidl e Before 
Ming. user ehouW determine l he suitability of the product tor hit intended uee end ueer assumes the rtsk and fiabiriy m connection 
twevlh We do not euggeel vmtaion of any eneling patents or put p er m is s io n to practice any patented invention wdhout e 
loenee. 


|q | The PQ. Corporation 

Specialty Products Group 

PO Bos ft*0. Vttley Forge. PA «46? USA 
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VIRGINIA/ HARTFORD BALL 
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BRASS 


TYPE ANALYSIS - Cobra 260 

Copper 06.6-71 .5%; Lead .07 max; Iron .05 

max; Zinc, remainder. 

GENERAL INFORMATION 

For un primarily In vaJva appfloatione. 

MATERIAL CHARACTERISTICS 

Vary tough. Vary good corrosion resistance 

at lowest cost. 

MACtUNABILfTY - 80. 

CORROSION RESISTANCE - Good. 
HARDNESS 

Rockwell B75-87 measured on parallel nets. 


NAVAL BRASS* 

TYPE ANALYSIS - Cabrs 464. 

Copper 60% ; Tin 0.76% : Zinc 36.25% . 

GENERAL INFORMATION 
Desirable for use primarily in vaiva 
applications. 

MATERIAL CHARACTERISTICS 
Extremely tough. Offers good corrosion 
resistance at relatively low cost. 

MACHtNABILITY - 30. 

CORROSION RESISTANCE - Good 
HARDNESS 

Rockwell B 75-96 measured on parallel Hats. 


HIGH CARBON 
CHROME ALLOY 


TYPE ANALYSIS - AISI-62100 
Carbon .95-1.1 % ; Chromium 1 .3-1.6%. 

GENERAL INFORMATION 
This steel Is the result of years of experi- 
menting with various analyses In search of 
the beet material for bearing use. 

MATERIAL CHARACTERISTICS 
High hardness end consequent resistance to 
deformation with excellent wear resistance. 
Manufactured from the highest quality 
ohrome alloy electric furnace steal In 
acoordanoe with our standard specifications 
end uniformly hardened by our latest meth- 
ods of controlled heat treating throughout 
their entire diameter, assuring maximum 
strength and long life. 

HARDNESS 

Rockwell C -60 to 66 measured on parallel 
Sate. 


DRILLED BALLS 
AND SPECIAL 
BALL PRODUCTS 


Hartford manufactures drilled balks In various 
materials, to customer blueprint epee if test Iona. 
Critical hole diameter toteranoe and hole 
oonoentrioity me achievable. All drilled bells 
are accurately lapped to finished surface 
wid geometric specifications. 

We offer tapered, counterbored and 
countersunk holes, as well ss other secondary 
operations. Also, variable modifications oan 
be made on e vast sele ct ion of materials. 

AID IN NEW DEVELOPMENTS 

To obtain aid for the solution of difficult 
problems, where speoktf bells ere required, 
we encourage you to contact our Sales and 
Engineering Departments. Wa are willing at 
al times to provide technical information 
relative to the adaptation of special balls. 
Should you wish to use our technical axperts 
for a development project, arrangements can 
be made accordingly 

It is our sincere desire to help you with your 
W>*dal needs, therefore, do not hesitate to 
consult our experienced end knowledgeable 
staff. 


•On special order only. 


GLASS* 


PLASTIC* 


TUNGSTEN CARBIDE 4 


SODA LIME 

Will not stand thermal shock; can mechani- 
cally give continual service at 230 degrees 
F.; stands limited static and torque load; 
good electric and corrosion resistant 
properties. 


SURFACE 

Ground - 20-30 Microinches 
R.M.S. 

Polish - 10-20 Microlnchea 
RJwl.S. 

PYREX BRAND - (Coming 7740)* 

Will stand high thermal shock; oan 
mechanically give continual service at 450 
degrees F. with extreme temperature limit at 
B00 degrees F; very high electric resistivity 
and dielectric strength; high ohemiool stabih 
tty, and will withstand high applied torque 
loads. 


SURFACE 

Ground - 20-30 Microlnchea 
R14.8. 

Polish - 10-20 Mioroinchea 
R.M.S. 


NYLON-zytef 101 
C0RR08I0N RESISTANCE 
Nylon Is insoluble In common solvents, 
alkalies, dilute mineral acids and most 
organlo acids. Nylon is particularly out- 
standing in resistance to alkalies, petroleum 
oil and greases al temperatures up to 300 
degrees F. Acids such as lactic acids in 
milk, photographic solutions, etc., have 
little or no effect. Nylon balls are used 
where the requirement oalls for lightweight, 
resilient material and resistance to abrasion. 
Used without lubrication. 


HARDNESS - Rockwell R-118. 

TEFLON 

CORROSION RESISTANCE 
Ho known Industrial acids or oaustloa will 
attack TEFLON, and there la no know 
solvent for it. Recommended for applica- 
tions where lightweight, nonmetalllc, end 
erosion resistant properties ere required. 

HARDNESS - Duro meter - 05-70. 


GENERAL INFORMATION 
Typical industry applications are: Instru- 
mentation ; valves in high precision hydraulic 
systems; high toad bearings; inertisl naviga- 
tion systems ; ball screws; linear bearings In 
alldeways; gaging and checking; meters; 
and lor baUlzing. 

MATERIAL CHARACTERISTICS 
The characteristic properties of Tungsten 
carbide make it highly suitable for precision 
balls in applications requiring high hard- 
ness; resistance to wear. Impact elevated 
temperature, corrosion, humidity, abrasion, 
and poor conditions of lubrication. 

TYPE ANALYSIS 
$4% Tungsten, 0% Cobelt 
MECHANICAL PROPERTIES 
Ultimate Tensile Strength 220,000 psl 

Ultimate Compreealve Strength 643,000 pel 

Transverse Rupture Strength 228.000 psl 

Hardness (Rockwell A) 90.6-91.5 

Modulus of Elasticity 96.000.000 

Density (Approx.) 0.64 Ib./ln. 

Specific Gravity 14.65-15 06 

•Available through Specialty Ball Co. 


•On special order only. 


•On special order only. 
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MICROSCOPY. 8 m Eucthon luouoncorT; RniNooitAnnr 
MICROSPHERES 

Microapheroa ora thin-wailed hollow spherae with diametan in oho micron range, 
pad nude of plostic or gifts* (Fig. 1). Wall thickness is 3-3 *»- la appearance, bulk 
mierospherae mo a free-flowing powder resembling fine Band. Bulk density ranges 
from 6 to 12 lb//t*. Thoy ora used in bulk form to control evaporation of liquids and 
a* a filler in the manufacture of low-density filled plasties. Boo also Cwxvlah sia- 
ntuiM. 

Microspheres ware dovalopod somewhat over Aftoen yuan ago by The Standard 
Oil Company (Olio), which bolda the baaic pa ten u for their manufacture (1). Thoy 
an produced and marketed by aevaral companies in the United State* under license ' 
from 8ohio. Suppliers include Emereen 4 Cuming, Ins. (Eeooepharee), Union Carbide | 
Plastics (Phenolic Micro b a Uo oai), and Sohio Ohaminal Co. (glaae Microballoon { 
tpheree). Minnesota Mining and Manufacturing Co. has reeently lntroduoed a typo of 
hollow glam sphere. j 

Originally designed for use as an evaporation retardant for oil tanka, micro- J 
spheres in beooming ioereaalngly popular as a filler for plastics In tha field of oonuner# ( 
dial structure foams, in marine buoyancy applications, and in tha production of light- ( 
weight casting reaiaa with “tailored" properties, molding compounds, and dlalaetrie 
materials for eleetrioal and electronic uses (8-5). J 

Evaporation control soil represents the largest single outlM for plastic micro- ( 
spheres, but the proportion of total miomsphere output going into this area is s t eadi ly 
decreasing in favor of application* in the field of commercial and specialty foams. j 
Types. The field of plastic mlcroepherea is dominated by the phenoiio-baeed | 
variety. Low oust of raw materials contributes to this. At bulk densities of W lb/ft* ^ 
phenolic mierospheres for gencraj-purpoea applications sail for Just below fl.00/lb. 
Hollow epoxy sphere* (Eoeoephsres EP), with diameters of H* in. and up, have re- 

fy-, Ft<.y>*tr 
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fig, 1. feltrctd view rf fUn muroipbtrei (fieco«pfcom R). Oouttmy Smmon * Cumiag, Ino. 

otfitly bw\ developed. Bulk deadly range if 7.5 fco about 15 Ib/ft 1 . On# application 
of th* epoxy type is in foam* with high oom preserve strength. .. 

Qmw^PUipow glass microspheree ui made from k>w-co*t (1 m*- Bulk d e n w tie e 
M low m 10 lb/ft* m available. At somewhat lower prioes per pound than the 
phaoolia type, they oould compete with plastic microspheres for application* using the 
bulk powder, and also as a resin filler for eommereial foaroe. 

Sleotrleal and speoislty-grede mleroapheres of the glass type ere made from 
specially formulated and proceeeed glanee. Compositions consia t i n g of over 05% pure 
gjlioa ere available (Beooipheree SI), as well m surface-treated types for maximum 
compatibility with hooding resins (Seeoepham VT). 

Manufacture. FUatlo mkroepheree are prepared from a solution of the plastic 
in a volatile solvent containing a blowing agent (qv). The solution i* introduced at 
the top of a spray-drying chamber. Solvent evaporation in the drying process pro- 
duces a toug h skin on the tiny droplets of spray. Simultaneously, an entrapped blow- 
ing agent it released within the sphere. Pressure of the entrained ges prevents oollapM 

of the ipbcrcc. „ • 

Tn yp firing |]yi gphtrcft the proper ooffiponcotc fire Tfibccdj driid, pulwriiad, end 

acrtcDcd* Pertidet of the appropriate corcoMd fraction an •objected to the blowing 
motion by introduction at th* bottom of a chamber Into an asoeodin^ column of hot 
furuaoe gas. Further screening, purification, and subsequent ehcm io e l treatments 
produce the various specialty- and eleetrieal-grade products. 

'y tMm Phenolic miaroepherw ere need in the bulk powder form for oontind of ou 
evaporation. When poured ou the aurfaoe of crude oil the sphere* spread out in a 
Htolto. Uy» to form a vapor banter. Phenolic spheres la aude oil ssrvioe have 
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Ki «- *- CuUwcy vi«w «f » aasll fetation busy (dantity 80 Ib/tl*). Hollow «poxy apbarct in out- 
baddorf ui » r/uuctio Hwt ba te d on gUiw miwuapfems Courtesy Amotion It Cuming, Iuc. 


been observed to reduce up to V0% of normal evaporation. Savings in evaporation 
Iomm of more than two million dollar! in ten yean have boon reported at a si ngle tank 
furm. 

A primary aspect of the use of mkroepherae u a filler in p!aetke technolog y is 
that they yield produote of reduced density. These product!, termed syntaetio foams, 
ara trua foams, but they have aoma unique qualitiaa, both in structure and in proper- 
ties Foams incorporating microapheres have aloaed, mioroeoople-aisc ealk, and are 
outstandingly uniform in structure. Density oen be aeeurately ooeor dl n g 

to the proportion of mieroepherae added to the naunn, Ocanpered with conventional 
blown or frothed foam* they have markedly greater strength, par ticular ly un der ~w n- 
prcaaive load, formulations eontaiaing xuicjvepherce ace supplied either aa easting or 
molding eom pounda for proceoting by conventional or aa mixtures with the 

consistency of demp tend, which can be temped Into plcoe and cured. Epoxy, si licone, 
polystyrene, and phenolic retina are the common matrixes 

General-purpose applications of mieroaphere baaed foams employ Urge quantities 
of industrial-grade plastic and glass typos. Aa a structural void filler end buoyancy 
material iu submarines ship*, end email boats, the foam prevent* water from c ol l ecting 
in nonfunctional void spaces. In addition to the buoyancy affect, the foam helps 
prevent corrosion of metal craft. Mieroaphere /osrna me i md in cone of mndwieb 
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I st/ls 1 ■ i'nifNpHiw uf M I c 

EctMP hsuat It' fr'nnwiilnf, SI* 

«/«»’ M) oja Ti; 0 . 1 a 


bulk density, Ito/ft 1 , g /«n* a 

teu» particle dtiwity, 

Ib/ftS; c/om 1 K 

pertieli um, «. jo 

mil tUokneMi * ^ 

composition 

temperature Capability, *F H> 

UManaJ conductivity «{ 
lo«M(y peeked materiel, 

Biu/br/h'/fv 0,1 

dleieurin eowtent (dry), 

I X J* k» d.6 X 10* cp» (apprax) i.; 

dimipetion fitter (dry), 

1 X 10* Hr & C X 10* *p» (apprw ) 

* Trtdemsrk at KaemoQ 4 Cuming, ln«. 
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* Boceephciei VT* 
11; 0.18 

17; 0.S8 
80*185 
about 3 

810i plot Mating 


0.0008 


0.0008 


struoturee, sheets, and panels for dock*, rudders, and catbin tops of pleasure craft; in 
subflouring of airplanes (eg, Douglas DC-S); and in the eonatruetion field for 
thermal lobulation as wall, roof, and floor panels. A light* weight fabric of aebeetot 
filler and glass microspheres is used in making resin laminates having a <*•«**! con- 
ductivity less than half that of ooaventionsl materials (Johns ManviUe Carp.). 

Deep-water floats for oceanographic research use giess-microsphere foams with 
controlled density (Fig. 2). a 42 Ib/ft* foam with an 6 poxy resin binder pasues tests 
At 20,000 ft depth and 10,000 psi compression. 

Electronic and aerospace applications embody special-property glass and eilica 
inicroepheres in easting resins, syutactic foam formulations, and dietectrio materials 
with "tailored” properties. Low density, low dielectric loss, high temperature ca- 
pability^ ruggednees, and stability of properties are among the requirements for the 
finished foams. See also Emiisopi nu 
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The properties of » mUoUod of microepbsree for ebetronio applications wo given 
In Table 1. 

Properties of typical glue miorgepharo (fceoephcree R) foams baaed on thro# 
widely tuad min eye tame are shown in Table 2. Notable are the reduction in deaaity 



fl|. e. MSorewvs bee i»e PM ninrnqihire toe*. Lao, tmd ssalar, ult d h l Mmm 
almaaw (Xooofoem Bib 4M£); right, t a b b ed bo* hsussd to t ostahsd-p r ops T ty ayatacds low. 
Oourtasy Kernses * Cuatog, lau. 

to about half that of the corresponding eoUd plastic, low d ie l e c tric constant, and lew 
dissipation factor. The uss of sllJoa mtcruspherse results in foams of still lower dielectric 
lose end higher temperature capability. Enca p su la t ion of circuitry of a Midas sa t el li te 
(6) to shown In Figure 8. 
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Artifi«Ul dielectric fawn* with dielectric properties tailored to oovw a broad 
rent* of •podfiootiooa f«r olootrenio and microwave applications, from ultra-low- 
lota materials with dioJectric constant dune to that of air to high-loes, conductive, deo- 
ttomagnetic energy absorbers, are made by laoorponuing metal, oar bon, or fcrromag- 
netie particle* in the microsphor* foam. Thcee light-weight dielectric matariaia with 
adjuated proparti** find application in miorowave leaeee, radomta, electromagnetic 
windows, dkfaetrie support*, microwave absorbers, waveguide load*, and antennas 
(Fig. 4). 8aealaoEuecTMCAbamiCAnom. 
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MICROTACTICITY 

This article deals with the experimental characterisation of stereoregular polyrears 
and, more specifically, with the determination of microtaoticity. 

Almost concurrently with the eeubliahme&t of the maoromoleeular hypothesis due 
to 8taudinger, the important effect of stereochemistry on polymer properties was per- 
ceived by Meyer and Mark (1), who studied natural rubber and gutta pereha. In 
apite of this sarly demonstration of the influence of geometrical Isomerism, and the sub- 
sequent formulation of tha relation between stereoisomerism and the development of 
crystallinity (2), over twenty five years pa ste d before procedures were developed for 
producing ar-olefin, vinyl, and vinyUdene polymers having regular oonfigurationa of the 
eubstiweats about the asymmetric oaibou atoms. This belated development is rather 
surprising, since the prevalence of head-to-tail enchainment had been experimentally 
established (3) by the mid-lWOs, and the failure of many polymers to crystallise bad 
been oorreotly ascribed to tha random sequence of aaymnwtrio carbon atom configura- 
tions along the chain (4). In tha post-war years little attention was paid to developing 
eterooregular order per as, though Schildkaacht and co-workers (5) showed that poly- 
( vinyl ethers) oould be prepared which displayed either rubbery or crystalline behavior, 
and d i a ru me d thee* result* in terms of isomerism (6). Howevar, the spectacular prep- 
aration by Netta at aL (7) of highly crystalline polymers using Zieglsr catalysts un- 
leashed a wave of interest in stareoipeoiflc polymerisations. The creation of this new 
class of linear polymers stimulated considerable activity In polymer -^^^rterliaMrn 
and in tha study of structure-property relationships, a* described in a reoant review 
(8), and with which this artiolc will be eonoemed. Details concerning storeoepedfic 
polymerisation conditions and moohaniams can be found In an excellent review article 
of Bawn and Ledwlth (8) and in tha appropriate article* in this Encyclopedia, eg, 
Coonniwan roLTiamitAnoit; arwanoMtauuua-mresn wu.tmw; ZirntMteam 
aaauLTere. 
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Plastic Balls 



Continuous Resistance to Heat 



Silicon© 






hh 

600 

tetrafluoroethylene 





He 450 

h550 


OiQriyl Phthnlrrte 





■ 425 



Fnrm/ 





400 



fy>lyph0nytene Oxide 




h375 



Nylon 

f __ 



■ 325 




Prriy&uffone 




■ 325 




Pnlvnrnnvlene 

-- 



300 




Potyoort’tfv’ate 
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w Polyester 



m250 




• 

? Polyethylene,. H.D. 



hi 250 





Z 1 Acetal 
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1 210 
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Mynthytone 1 n 1 



200 
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Pntyvinyt Chloride 
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Phenaxy 



A 











Polystyrene 








■IH 

PHll/U 






^ 

a. 1 pAiertxM 
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More and more design engineers 
have been specifying plastic balls 
to take the pioce of more expensive 
materials, such as stainless steel. Let's 
take a look at what* to be gained 
by designing with plastic balls. 

First of all. plastic balls resist corro- 
sion and abrasion very well. They 
make durable components even In 
highly corrosive environments, and 
compared to metals having com- 
parable corrosion resistance, 
plastics are generally less expensive. 

Next, you can choose from a wide 
range of materials. Including com- 
mon resins and new engineered 
plastics. Each performs differently, 
so you can specify the polymer that 
best fits your application. And your 
bucjget. 

If your design is weight-sensitive, 
plastic balls are ideal. They're much 
lighter than metal balls. 

finally, many plastics are ex- 
tremely resistant to heat. Silicone, for 
example, withstands temperatures 
up to 600°F and tetrafluoroethylene 
withstands almost equally high 
temperatures. The bar graph at left 
shows the degree of continuous heat 
resistance you can expect from differ- 
ent plastics. 

Now that we've touched on the 
basic design advantages plastic 
balls offer, tet's see what types of 
applications suit them best. 

Plastic balls are ideal for light-load 
bearings and flow control applica- 
tions Here's why. 

Plastic balls have low friction and 
require virtually no lubrication. 

Also, since plastic balls are quiet, 
they're often used In office furniture, 
bearings, medical products and 


foondnued on page 4) 
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PofycNofo- 

Irtfluoro- 

ethylene 

Phenolic, 
Wood Flour 
HHed 

Polyamide 

(Nylon) 

Poly- 

carbonate 

Polyethylene 
Mgh Density 

Polyethylene 
Low Density 

Polypropylene 

(Impact) 

Polystyrene 

3.5 

0.24-0.34 

0.9-2.0 

8-16 

1-10 

No break 

1. 0-7.0 

0.25-070 

6 

6.5-85 

8.5-11 

9-10.5 

2.5-5.0 

1.1-1. 7 

3.3-52 

5.5-8.0 

150 

800-1200 

210-410 

320 

85-160 

14-38 

100-170 

400-500 

28-36 

- 

60-300 

60-100 

5-10 

20-40 

50-550 

1-2.5 

8 

8-12 

14.6 

11-13 

2-3 

- 

5.5-10.0 

8-15 

175 

800-1200 

210-410 

375 

90-150 

- 

175 

400-500 

12 

24-36 

13 

11 

- 

- 

4.0-8.0 

11.5-16 

180 

600-1000 

- 

240 

50-100 

- 

- 

300-560 

- 

290-340 

150 

280-290 

- 

- 

2.0 

175-195 

390 

300-350 

325 

250-275 

250 

200 

290-320 

150-170 

7 

3.0-4.5 

10 

7 

15-30 

15-30 

4.0-8.5 

6-8 

6 

4-7 

5.8 

4.6 

6 

8 

0.048-0.098 

2.4-33 

10 1 ' 

10"-10 13 

4.5x10° 

2.1 x 10“ 

>10° 

>10° 

6.5x10° 

lO^-IO* 

2.65 

5.0-9.0 

39-7.6 

3.17 

2.3 

2.3 

22-2.3 

2.5-2.65 

450 

200-425 

385 

400 

480 

480 

450-660 

500-700 

0.015 

0.04-0.30 

0.01-0.09 

0.0009 

<0.0005 

<0.005 

0.0005 

0.0001-0.0005 

>360 

5 

140 

10-11 

melts 

melts 

185 

60-100 

nil 

0.3-0. 8 

1.5 

0.3 

<0.02 

<0.02 

0.01-0.03 

0.03-0.05 

R112 

M100-120 

R108-118 

M70.R118 

R30-50 

R10 

R45-95 

M70-80 

nil 

setf-exting. 

setf-exting. 

setf-exting 

slow burning 

slow burning 

slow burning 

0.5-2.0 

2.1 

1.32-1.55 

1.14 

1.2 

0.94-0.96 

0.91-0.92 

0.90-0.92 


rad 

brown-black 

off-white 

dear 

milky white 

milky white 

milky white 

dear 

limited 

blue &. brown 

unlimited 

unlimited 

unlimited 

unlimited 

unlimited 

unlimited 

opaque 

opaque 

translucent 
to opaque 

transparent 

translucent 
to opaque 

kansluoent 
to opaque 

translucent 

transparent 

Kel-F 

Plenco 

Zylel 

Lexan 

Super Dylan 

Dylan 

Hlmont 

Styron 


Vbltte 

Yydyne 

Merlon 

Morlex 

Petrcrfheoe 

Dypro 

Lustrex 



Nytatron 


Fortlflex 

Eastman 

Tenlte 

Dytene 





Dow 

Northern Pet 







Norchem 

Norchem 







U.S.I. 

Dow 
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Glass Balls 


When It comes to low cost flow con- 
trol and high heat applications, 
design engineers And glass balls 
hard to beat. For good reason. 

Glass balls are dimensionally 
stable. They resist corrosion and 
chemical absorption well. Plus, they 
can withstand temperatures up to 
600°F. 

Glass balls also vary in density, 
depending on the type of glass 
they're made from. They are widely 
used in applications requiring a 
specific gravity. 

Let's take a look at why these 
unique characteristics make glass 
balls Ideal for flow control, instrumen- 
tation and fiber optic applications. 

Food processing, pharmaceutical, 
and photographic processing equip- 
ment engineers select glass balls for 
check valves because they provide 



Glass Properties 

Soda-Umo 

Doreen rate 

“Hock Okas’ 

Density: qtt \. (cm* 

2.47 

2.23 

2.64 

Hardness: Knoop-KHN 400 

465.0 

418.0 

405.0 

Softening Point; °C. 

695.0 

620.0 

650.0 

Maximum Working Temperature* 

(annealed glass) Normal °C. 

110.0 

230.0 

110.0 

Extreme °C.. 

460.0 

490.0 

380.0 

Young Modulus: 10 6 lb./5 sq. in. 

10.0 

9.1 

9.8 

Poisson's Ratio 

0.24 

0.20 

0.21 

j Thermal Expansion 

| cal. cmV300°C. - 10* 7 In./in./ °C. 

92.0 

33.0 

69.0 

Thermal Conductivity 

cal. cm 7cm 2 sec. deg. C. 

- 148 °F./- 100°C. (x 10”) 

1.99 

2.13 

— 

+32°F./0°C. (x 10”) 

2.43 

2.71 

— 

+212°F./+ 100°C. (x 10'*) 

2.65 

3.12 

— 

Thermal Stress Resistance 

17*C. 

53 *C. 

18 °C. 

1 Dieiectric Properties at 1 MHz *20°C. 

Power Factor % 

0.9 

0.5 

0.17 

Dielectric Constant 

72 

4.6 

6.3 

Loss Factor 

6.5 

2.6 

1.1 

I Log 10 of Vbiume Resistivity: ohm-cm. 

25 °C. 

12.4 

15.0 

— 

250 °C. 

6.4 

8.1 

8.9 

350°C. 

5.1 

6.6 

7.0 

Refractive Index Sod. D Line (.5893 microns) 

1.512 

1474 

1.507 

•Mechantcol considerations oniy. 

NOTE ; The physical properties will vary between row glass manufacturers . 
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Ceramic Balls 


Just as there are thousands of 
plastics available, ceramics are also 
available In a host of specific com- 
positions and formulations. Each has 
Its own distinct properties, but in this 
section we'll only look at the general 
characteristics of ceramic balls. 

As a general rule, ceramic balls 
resist corrosion and abrasion 
extremely well. Plus, they have low 
thermal conductivity. 

Ceramic balls also have excellent 
resistance to heat. Some ceramics, 
like ruby sapphire, withstand 
extended exposure to temperatures 
In excess of 3250°F. 

Combined, these features make 
ceramic balls great for flow control 
and bearing applications. 

As check valves, ceramic balls 
resist wear and corrosion, within 
limits. (Don't use ceramics with 
either strong acids, such as 
hydrochloric or hydrofluoric, or with 
strong alkaline solutions.) 

Some ceramic balls are used in 
flowmeters where the ball position on 
a scale indicates flow rate. Ruby 



sapphire balls are ideal for these 
applications because of their red 
opaque color. Ruby sapphire balls 
are also used in gaging devices 
because of their great resistance to 
wear and their minimal thermal 
expansion. 

A low coefficient of thermal 
expansion makes other ceramics 
attractive as alternatives to metals 
in certain bearing applications. 


Compared to steel, their coefficient 
of thermal expansion Is just 25%. 

So, ceramic balls are less likely to 
increase bearing friction as heat 
increases. 

Secondly, since ceramic balls 
absorb less heat, cooling require- 
ments for ceramic ball bearings are 
much lower. 

(Tl produces standard ceramic 
balls from alumina oxide, silicon 
nitride, silicon carbide, ruby sapphire 
and zirconia In sizes ranging from 
0.125' to 3.0*. However, both smaller 
and larger sizes can be specified. 

Since they are used in both valves 
and bearings, ITI produces ceramic 
bails in both valve and bearing 
grades. Refer to our Ball Grade Table 
for the exact tolerances available. 

These levels of precision, coupled 
with ceramic balls' great wear and 
heat resistanoe, make them integral 
components in many designs. 

ITI would be glad to help you 
specify the best ceramic material or 
any other material for designs which 
use standard or modified balls. ■ 


Ceramic 

Properties* 

Zirconia 

*100 porta* tfaMwd) 

Silicon 

Carbide 

Alumina Oxide 

Ruby Sapphire 

Silicon 

Nitride 

Max. Useful 
Temperature 

1800 °F. 

2500 °F. 

3180 *F. 

3250 °F. 

2552 *F. 

Density 

5.5g/cm’ 
.199 Ibs/ln’ 

3.1 gm/cm’ 
.112 Ibs/ln’ 

3.86gm/cm* 
.139 Ibs/ln’ 

3.98 gm/cm’ 
.144 Ibs/ln* 

3.2 gm/cm’ 
.116 Ibs/ln’ 

Compressive 

Strength 

280,000 psi 

400,000 p$i 

330,000 psi 

300,000 psi 

341,300 psi 

Young's Modulus 
of Elasticity 

29x10‘psl(«70 o F.) 

26x10*psU®1800 o F.) 

53x10*psl 

54x10* pti 

50x10* -55x10* psi 

47x10* psi 

Hardness 

2100 Vickers 

2400 Vickers 

1365 Vickers 

1570-1800 Vickers 

*500-2000 Vickers 

Thermal 

Conductivity 

2 W/m °C. 

1.5 BTU/tv ft - °F. 

145 W/m *C. 
85BTU/hrft-*F. 

35.6 W/m •C.(C20°C.) 
6.3 W/m*C. (C800°C.) 

.066 Cat/sec cm*C. 

.07 Cal/sec cm*C. 

Thermal 

Expansion 

5.6x 10'*/*F. 

2.5x10"*/*F. 

4.6 x W*/*F. 

3.2 x W*/*F. 

1.78 x 10"*/*F. 

Electrical 

Resistivity 

10" Ohm/cm (®25°C.) 
200 Ohm/cm (© 1000 °C.) 

Data not 
available 

> 10“ Onm/cm (•25*C.) 
2.5 x 10* Otvn/cm (#900*0.) 

lo’ohnrv/cm (O500*C) 
<0Ohm/cm(O2000*C.) 

10* Ohm/cm (0500*0) 
10*Ohm/cm(e2000°C.) 

Corrosion 

Resistance 

Inert except for 
hydrofluoric and 
hot concentrated 
sulfuric odds. 

Inert 

to 

most 

substances. 

Inert to most substances, not 

of hydrochloric or hydrofluoric 
adds or strong alkaline solutions. 

Inert to most 
substances even at 
very high 
temperatures. 

Inert 

to 

most 

substances 

•Data from various industrial literature Exact properties will vary from supplier So supplier. 
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